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Abstract 
This thesis describes progression towards developing an enhanced design 
methodology for laminated composite bonded joints in aerospace applications. The premise of 
a universal failure criterion is impractical given the number of adhesive-adherend 
configurations available. However, for a finite number of joint configurations, design rules can 
be developed based on experimental test data and detailed finite element modelling. By using 
these techniques rather than the traditional, overly conservative knock-down factors, more of 
the performance of composite bonded joints can be accessed. While complex damage 
modelling techniques are available, the additional material data and analysis time required 
renders them not suitable for the vast majority of time-sensitive industrial applications. 
Initially, the work presented in this thesis experimentally studied the effect of the 
substrate material, substrate layup, adhesive material and adhesive thickness on several 
laminated composite bonded joint configurations. The corresponding failure surfaces were 
extensively analysed and failure modes identified. Following this, detailed FE models were 
developed to identify the trends associated with altering joint parameters. Finally, the stresses 
and strains within the adhesive and substrate were analysed at each joint’s respective failure 
loads to identify critical parameters, which would later be used to develop a Critical Parameter 
Method for evaluating joint performance.  
Once these parameters were consolidated, they were validated against a unique set of 
joints. The critical parameter approach was able to predict joint strength with an average error 
of 26% compared experimental strength. Traditional FE criterions presented an average error 
of 61% compared to experimental strength. After further consolidation, joint strength 
prediction reduced to within 3% of experimental strength using the Critical Parameter Method, 
representing a substantial improvement in predictive capabilities.  
Keywords: Composite, Bonded, Joint, Failure, FEA, Experimental, Aerospace. 
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1. Introduction 
1.1. Motivation  
This thesis describes the work undertaken towards developing design rules for the use 
of adhesively bonded fibre-reinforced plastic (FRP) composite joints in aerospace applications. 
The premise of a universal failure criterion is impractical given the number of adherend-
adhesive configurations available (and their respective failure modes) (Icardi et al. 2007). 
However, for a finite number of joint configurations, design rules can be developed based on 
a combination of experimental test data and detailed finite element (FE) modelling. By using 
these techniques rather than the traditional overly conservative practices, more of the 
performance of composite bonded joints can be accessed. In the context of aerospace 
applications, this improvement in available performance will ultimately lead to a reduction in 
structural mass and thus reduced flight costs.  
1.2. Background and Research Novelty 
The use of composite materials has grown significantly in recent years resulting in a 
demand for updated design protocols which better capture their performance. Adhesive 
bonding as a joining mechanism is used extensively, primarily due to the reduced mass penalty 
and improved uniformity in load distribution compared to mechanically fastened joints. 
Despite substantial research in the field, several authors note that reliable failure criteria that 
can be used across multiple composite bonded joint configurations remains problematic 
(Zhang et al. 2015; Nimje & Panigrahi 2015; Apalak & Engin 2003). FRP bonded joints are 
inherently difficult to model due to the complex interaction of multiple potential failure modes. 
Early analytical investigations concerned with the mechanical response of bonded 
joints were developed by Volkersen (Volkersen 1938) and Goland and Reissner (Goland & 
Reissner 1944). Volkersen introduced the concept of differential shear. Goland and Reissner 
were the first to consider the effects of eccentric load paths and to include the adhesive peel 
stress. Several researchers have since contributed to the refinement of closed-form solutions, 
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most notably Hart-Smith (Hart-Smith 1973b; Hart-Smith 1973a). da Silva et al. presented a 
summary of the development of classical closed-form techniques since Volkersen. More recent 
closed-form solutions consider orthotropic adherends, however, they do not address the 
complexities of a three-dimensional (3D) laminated composite substrate. Furthermore, such 
complex techniques are difficult to implement in an industrial setting (da Silva et al. 2008).  
Recently, research in this field has made use of advanced techniques, employing 
cohesive zones or ductile damage material models to accurately predict the progression of 
failure (Li, Yan, Liang, et al. 2015; de Moura & Gonçalves 2014; de Moura & Gonçalves 2015; 
M. J. Lee et al. 2013; Khalili & Ghaznavi 2012). These techniques are favoured over traditional 
stress and strain based failure criteria methods as researchers note the latter offer less precise 
predictive capabilities (Nimje & Panigrahi 2015; Zhang et al. 2015; Apalak & Engin 2003; Gul 
Apalak et al. 2007). Elaborate failure criteria methods (i.e. Puck) do exist, however, a 
considerable amount of experimental work is necessary before they can be deemed universal 
(París 2001). In an industrial setting, complex and time-consuming techniques are not suitable 
where rapid prediction is required. Hence, engineers within industry attempt to compensate 
for modelling uncertainties associated with simplified modelling techniques by introducing 
knock-down factors (Kaiser 2005). 
Given the lack of fast and reliable composite bonded joint design tools, the following 
work aims to develop a novel methodology for identifying the performance of composite 
bonded joints in aerospace applications. The novelty in the work presented lies in the way in 
which relatively simple techniques can be consolidated to achieve a significant improvement 
in performance for a select number of composite bonded joints. While complex damage models 
are improving in terms of industrial applicability, they are not yet practical given the 
additional material data needed and the time penalty associated with non-linear modelling. 
Thus, in an industrial context, the approach adopted in this study is considered the most 
efficient and cost-effective solution. The modelling techniques employed facilitate the rapid 
analysis requirement by maintaining simple linear-elastic modelling techniques (and avoiding 
complex non-linear damage models), whilst introducing improved design allowables.  
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1.3. Aim and Objectives 
The aim of this project is to improve upon the current composite bonded joint design 
protocols used by Surrey Satellite Technology Ltd (SSTL), with the view to develop an 
enhanced, less conservative procedure that will lead to more efficient bonded structures. In 
order to meet this aim, a significant amount of experimental and numerical work will be 
carried out, alongside both quantitative and qualitative analysis. The research objectives are 
summarised below. 
• Identify the existing composite bonded joint design approach used by SSTL. 
• Establish the state-of-the-art in composite bonded joint design procedures from 
the available literature. 
• Undertake experimental testing using appropriate joint configurations to 
experimentally determine the effect of a range of composite joint parameters on 
mechanical response and failure mechanisms. 
• Employ detailed FE modelling to identify criteria that define the location and 
the onset of failure in joints tested experimentally. 
• Produce novel design protocols and design allowables that improve upon 
current predictive methods.  
• Validate the new methodology on further composite bonded joint 
configurations. 
• Refine and consolidate the methodology where necessary, developing new 
industrial guidelines for composite bonded joint design 
The results of this thesis are extremely valuable to both SSTL and the wider aerospace 
engineering community.  
1.4. Publications 
The work produced during this research project has led to the following conference 
and peer-reviewed publications. 
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• Khan, M.A. et al., 2016. Development of Rules for the Design of Composite 
Bonded Joints. EURADH 2016, pp.331–334. 
• Khan, M.A. et al., 2018. Development of design allowables for the design of 
composite bonded double-lap joints in aerospace applications. International 
Journal of Adhesion and Adhesives, 82, pp.221–232. 
1.5. Thesis Structure 
The current chapter (Chapter 1) summarises the main features of the research carried 
out, including background, research novelty and objectives.  
Chapter 2 presents relevant literature regarding composite bonded joints. The chapter 
begins with introducing common bonded joint configurations. Failure mechanisms associated 
with FRP composite bonded joints are also discussed. A summary of popular failure criteria is 
presented which covers failure in both the adhesive and composite substrate. A brief 
background on classical closed-form techniques is presented followed by a review of state-of-
the-art FE modelling techniques of composite bonded joints. Finally, recent literature 
discussing the experimental analysis of composite bonded joints is reviewed. 
 Chapter 3 presents the majority of the experimental work in this thesis. Relevant joint 
configurations are identified alongside suitable materials. The chapter discusses the design 
and testing procedure of each joint. The resultant joint strengths and failure surfaces are 
analysed. 
Chapters 4 and 5 discuss the development of matching detailed FE models 
corresponding to those tested in Chapter 3. Chapter 4 outlines the modelling techniques; 
alongside associated validation checks to ensure the FE models are accurately predicting joint 
stresses and strains. Chapter 5 implements these matching FE models to identify trends 
amongst common joints and determine critical stresses.  
Chapter 6 evaluates the critical stresses developed from the work discussed in the 
previous chapters. To validate the new failure criterion, a unique set of joints were designed, 
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and the new failure criterion was implemented to predict joint strength. The unique set of joints 
were then manufactured and analysed both experimentally and numerically. Using this data, 
the new technique was consolidated and refined. Final recommendations for the 
implementation of these new design rules are also discussed.  
Finally, Chapter 7 outlines the key conclusions from this research project in addition to 
any further work. 
 
 Chapter 2: Review of Failure and Strength Prediction of Bonded Composite Joints 
6 
 
2. Review of Failure and Strength Prediction of Bonded Composite 
Joints 
2.1. Introduction 
This chapter introduces the reader to the problems associated with laminated FRP 
composite bonded joint analysis. In particular, the limitations of predictive methods to 
accurately determine joint strength in the context of industrial applications where rapid 
analysis is required. This chapter begins with identifying the various joining methods and 
configurations available. A review of failure criterions is then discussed alongside classical 
closed-form solutions. The latter part of this review highlights the state-of-the-art experimental 
and numerical research studies that have been undertaken to investigate composite bonded 
joint performance. 
2.2. Background 
As with other engineering materials, composites rely heavily on the use of joints to 
provide adequate load transfer between components. Manufacturing constraints often limit 
the production of a single large component, consequently, large structures are separated into 
smaller, joinable parts. The most common joining methods applicable to laminated FRPs are 
mechanical fastening, adhesive bonding and a hybrid of both. The use of mechanical fasteners 
allows structures to be readily disassembled, hence they are advantageous where constant 
maintainability is required. However, the introduction of holes encourages stress 
concentrations leading to reduced performance from a variety of possible failure modes (see 
Figure 2-1). Furthermore, the inclusion of metallic bolts or rivets increase structural mass. 
Camanho and Matthews (1997) provide a summary of literature regarding bolted joints 
(Camanho & Matthews 1997).  
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Figure 2-1: Failure modes for bolted joints due to stress concentrations associated with holes and 
fasteners (Camanho & Matthews 1997) 
A widely used alternative joining process is adhesive bonding. Adhesive bonding is a 
process in which substrates are connected through an intermediate material that forms a 
chemical and mechanical bond at the interface. When appropriately designed, adhesive 
bonding allows for reduced fabrication costs, lower structural weight and improved damage 
tolerance compared to mechanical fastening (Banea & da Silva 2016). Consequently, FRP 
bonded joints are used extensively in high-performance industries such as aerospace, 
aeronautics and automotive (Ashcroft et al. 2001).  
There is a tendency to over-design laminated FRP bonded structures due to the lack of 
reliable predictive models. In certain safety-critical applications, bonded joints require 
mechanical fastening as an additional precaution. Unsurprisingly, these design procedures 
negate the aforementioned cost and weight saving benefits. Producing reliable predictive 
techniques will allow for an improved understanding of the behaviour of bonded joints at 
failure. To achieve this, mathematical models must be reinforced with experimental data to 
identify the discrepancies between current predictive techniques and real-world performance.  
The premise of a universal failure criterion is impractical given the number of 
adherend-adhesive configurations available. However, for a finite number of joint 
configurations, design rules can be developed based on experimental test data and detailed FE 
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modelling. By using these techniques rather than the traditional overly conservative knock-
down factors, more of the performance of composite bonded joints can be accessed. The 
literature presented here attempts to identify state-of-the-art mathematical modelling and 
experimental testing of laminated FRP composite bonded joints. In doing so, key areas can be 
identified where current modelling procedures fall short of accurately predicting joint 
strength.  
2.3. Laminated FRP Bonded Joint Design 
Joint design must be considered carefully as changes to geometry will have a profound 
effect on structural performance due to the redistribution of load. In the case of laminated FRP 
bonded joints, multiple complex failure mechanisms may occur concurrently. Intelligent joint 
design can prohibit certain failure modes from occurring, thus eliminating the need to account 
for them during the analysis process.   
Single-lap joints (SLJ) and double-lap joints (DLJ) are commonly discussed in the 
literature due to the highly standardised process of manufacturing and testing. In spacecraft 
structures designed by SSTL, composite bonded joints typically follow the SLJ and DLJ 
configuration with some variation (i.e. ring cleats). Classical closed-form analytical solutions 
focus on configurations with flat adherends. More complex numerical techniques are required 
to analyse unconventional joint geometry. The heritage data behind classical joint design and 
the ease of manufacture often leads designers away from unconventional joint geometry, 
despite their possible benefits. Nonetheless, several published works are available discussing 
a variety of alternative joint configurations. Figure 2-2 illustrates various bonded joint designs 
that stray away from traditional overlapping adherends. These configurations can be applied 
to laminated FRP adherends. 
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Figure 2-2: Unconventional variants of adhesively bonded joints (da Silva et al. 2011) 
Avila and Bueno (2004) investigated the novel design of a ‘wavy’ bonded joint using 
both numerical and experimental methods. They observed an increase in joint load-bearing 
capacity of approximately 41% when compared to traditional SLJs of similar design (Ávila & 
Bueno 2004). Fessel et al. (2007) analysed multiple joints applicable to the automotive industry 
including ‘wavy’ and ‘reverse bent’ bonded joints. Similar to Avila and Bueno, Fessel et al. 
identified a significant increase in load bearing capacity through both FE analysis and 
experimental work compared to traditional SLJ design (Fessel et al. 2007).  
Nakagawa and Sawa (2001) conducted a study exploring delamination growth due to 
thermal stresses in scarf joints. Through the use of photo-elastic measurements and two-
dimensional (2D) finite element analysis (FEA), Nakagawa and Sawa were able to conclude 
that an optimum scarf angle is apparent which increases delamination resistance. Furthermore, 
the authors determined that the behaviour of stress singularity points in scarf joints under 
thermal loads is somewhat dissimilar from that under static tensile loads (Nakagawa & Sawa 
2001).  
Apalak and Davies have contributed to multiple papers reviewing the design and 
analysis of adhesively bonded corner joints (Apalak & Davies 1993; Apalak & Davies 1994). 
The authors successfully optimised the corner joint design to reduce peel stresses. Das and 
Pradhan (2010) have developed an FE based simulation technique capable of analysing 
adhesively bonded tubular FRP joints. Their work identified an optimum overlap length which 
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provides minimum adhesive stresses and therefore improved joint reliability (Das & Pradhan 
2010).  
Akpinar et al. (2013) studied the mechanical behaviour of bonded T-joints subject to a 
bending moment perpendicular to the vertical substrate. Both experimental and three-
dimensional (3D) FE analysis identified a 30% increase in load bearing capacity for embedded 
supports when compared to non-embedded supports, albeit with a reduction in bending 
stiffness (Akpinar et al. 2013).  
Fitton and Broughton (2005) explored a novel concept in which multiple adhesives are 
used with different stiffnesses. The premise is to relieve the stress concentration found at the 
root and tip of the overlap region. Figure 2-3 schematically illustrates the shear stress 
distribution when a low modulus adhesive is placed at the ends of the overlap, and a high 
modulus adhesive is placed at the centre.  
 
Figure 2-3: Mixed-adhesive SLJ shear stress distribution (Banea & da Silva 2016) 
The authors were able to reduce peak stresses in the bondline while increasing strain 
to failure. 
The works cited above discuss theoretical and experimental benefits of manipulating 
joint geometry to improve the load bearing capacity. In cases where experimental work has 
not been carried out, authors rely on predicting failure within the adhesive using only a 
maximum stress or strain criteria. Although an argument can be made for introducing novel 
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joints into this research project, the overall aim is to better understand joint performance of 
current joint design. Consequently, this research project will focus on analysing bonded joints 
used on existing satellite structures (SSTL S1 Imager).  
2.4. Failure Mechanisms in FRP Composite Bonded Joints 
Experimental failure modes of laminated composite bonded joints have been 
summarised in ASTM International D5573 – 99. Unlike mechanically fastened joints, load 
transfer is spread across the entire bond area. This minimises stress concentrations found at 
cutouts, however, stress peaks still exist at the root and tip of the overlap. Despite the improved 
load transfer, bonded joints are prone to high in-plane shear and out-of-plane peel stresses. 
Figure 2-4 demonstrates six possible failure modes. 
 
Figure 2-4: Possible failure modes of laminated adhesively bonded joints (ASTM International 2012) 
Adhesive failure is an interfacial failure between the adhesive and adherend, 
characteristically related to weak chemical bonding which can be promoted by poor surface 
preparation and environmental contamination. Cohesive failure is one in which failure occurs 
within the adhesive due to inferior bulk material strength compared to the adherends. A ‘thin-
layer’ cohesive failure is a failure within the adhesive where the crack propagates very close 
to the adhesive-adherend interface. Fibre-tear failure is characterised by failure within the 
laminated FRP composite. Adherend material can be observed on both failure surfaces. Light-
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fibre transfer is a very thin transfer of fibres from one surface to another. Stock-break failure is 
a result of tensile stresses exceeding the strength of the composite material in the loading 
direction. Stock-break failure is perhaps the least likely source of failure owing to the inherent 
strength of fibre reinforcement used in laminated composites. It is typical to see a variety of 
failure modes in a single test specimen (Kim et al. 2006). While ASTM provide a useful 
summary, it is important to note that lack of interlaminar or intraply failure modes in their 
discussion. These failure modes must be considered when analysing composite bonded joint 
performance.  
2.5. Failure Criteria for FRP Composite Bonded Joints 
2.5.1. Introduction 
Currently, a large array of laminated composite and adhesive failure criteria exist. An 
in-depth review of recent laminated FRP failure criteria has been conducted by both NASA 
(2001) and ESA (2005) (París 2001; Kaiser 2005). Nonetheless, in the context of composite 
bonded joints, the interaction of various failure modes is far more difficult to predict. The 
highly anisotropic behaviour of the adherends, coupled with the isotropic adhesive properties 
suggests that simply applying a failure model to each material and not accounting for their 
unique interaction is an inaccurate method of determining strength, however, it does provide 
a useful starting point to composite bonded joint analysis. 
2.5.2. Adhesive Criteria 
2.5.2.1. Maximum Stress 
Perhaps the most commonly used failure criterion for high modulus adhesives is 
maximum stress. The maximum stress method predicts bulk material failure when the 
magnitude of experienced stress in any direction (σ1, σ2, σ3 etc) exceeds the predefined 
allowable. In the case of an adhesive, the critical value is usually the maximum tensile strength 
of the material. This method does not consider interactions between various stress 
components; as such results are potentially inaccurate for multi-axial stress states (Barbero 
2010). 
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2.5.2.2. Maximum Strain 
Similar to the maximum stress criterion, the maximum strain criterion predicts material 
failure when strain exceeds a predefined allowable. This method also accounts for some 
interactions between various stress components due to the Poisson’s effect of the material. 
Unlike the maximum stress criterion, the maximum strain criterion can be used with an elasto-
plastic adhesive material model (Barbero 2010). 
2.5.2.3. von-Mises 
The von-Mises yield criterion predicts the yielding of materials when the second 
deviatoric stress invariant reaches a critical value (see Equation 2-1). 
𝜎𝑉𝑀
2 = (𝜎1 − 𝜎2)
2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)
2 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 Equation 2-1 
where 1,2,3 are the principal stresses. 
Prior to yielding, the material response is assumed to be elastic and is best used in 
ductile materials. The von-Mises stress is typically compared to the critical yield stress of a 
ductile material to determine when the material will yield. The criterion also accounts for 
complex loading conditions and in principle should prevent the adhesive entering the non-
linear region. 
2.5.3. Laminated FRP Adherend Criteria 
2.5.3.1. Hashin and Rotem 
Hashin and Rotem (1973) developed a simple failure criterion based on fibre and matrix 
failure. The failure mechanisms are governed by longitudinal and transverse stresses, with 
reference to the fibre direction (Hashin & Rotem 1973). The following equations summarise the 
Hashin-Rotem failure criterion. 
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𝜎1 = 𝜎1𝑇
𝑢  
𝑓𝑖𝑏𝑟𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑤ℎ𝑒𝑛 𝜎1 > 0 
 
Equation 2-2 
−𝜎1 = 𝜎1𝐶
𝑢  
𝑓𝑖𝑏𝑟𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑤ℎ𝑒𝑛 𝜎1 < 0 
 
Equation 2-3 
(
𝜎2
𝜎2𝑇
𝑢 )
2
+ (
𝜎12
𝜎12
𝑢 )
2
= 1 
𝑚𝑎𝑡𝑟𝑖𝑥 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝜎2 > 0 
 
Equation 2-4 
(
𝜎2
𝜎2𝐶
𝑢 )
2
+ (
𝜎12
𝜎12
𝑢 )
2
= 1 
𝑚𝑎𝑡𝑟𝑖𝑥 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑖𝑛 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝜎2 < 0 
 
Equation 2-5 
where σ1, σ2 and σ12 are the composite longitudinal, transverse and shear stresses respectively. 
σiC and σiT represent the composite longitudinal compressive, tensile and shear allowables 
respectively.  
2.5.3.2. Yamada and Sun 
Yamada and Sun (1978) proposed a method of assessing failure of a ply through the 
following expression. 
(
𝜎11
𝑋⁄ )
2
+ (
𝜎12
𝑆𝑖𝑠
⁄ )
2
= 1 
 
Equation 2-6 
Where σ11 and σ12 are the longitudinal and shear stresses respectively. X is the strength 
of ply in the fibre direction and Sis is the shear strength of the ply (Yamada & Sun 1978). 
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2.5.3.3. Tsai-Hill 
The Tsai-Hill failure criterion was initially proposed by Hill (1950) as a modified 
version of the von-Mises criterion that could be applied to orthotropic materials. Tsai applied 
this method to UD composites in an attempt to predict material failure; this method is now 
more commonly known as the Tsai-Hill failure criterion. In its most general form, the Tsai-Hill 
failure criterion can be expressed by the following equation.  
𝜎11
2
𝑋2
−
𝜎11𝜎22
𝑋2
+
𝜎22
2
𝑌2
+
𝜎12
2
𝑆2
< 1 
If 𝜎11 > 0, 𝑋 = 𝑋𝑡; otherwise, 𝑋 = 𝑋𝑐. If 𝜎22 > 0, 𝑌 = 𝑌𝑡; 
otherwise, 𝑌 = 𝑌𝑐. 
 
Equation 2-7 
In Equation 2-7, Xt is the longitudinal tensile strength, Xc is the longitudinal 
compressive strength, Yt is the transverse tensile strength, Yc is the transverse compressive 
strength and S is the shear strength. 
The Tsai-Hill failure criterion is particularly useful as it considers the coupling effects 
between stress components. However, the majority of FRP composites exhibit significantly 
different tensile and compressive characteristics, which are not accounted for in the Tsai-Hill 
failure criterion. Furthermore, unlike maximum stress or strain, the failure mode is no longer 
identified (Barbero 2010).  
2.5.3.4. Tsai-Wu 
Tsai and Wu (1971) developed a failure criterion to address the shortcomings of the 
Tsai-Hill criterion. The coupling effects and material tensile and compressive strengths, which 
were previously omitted, are now accounted for in the Tsai-Wu failure criterion. The following 
equation expresses the criterion in the most common form.  
𝐹1𝜎1 + 𝐹2𝜎2 + 𝐹6𝜏12 + 𝐹11𝜎1
2 + 𝐹22𝜎2
2 + 𝐹66𝜏12
2 + 2𝐹12𝜎1𝜎2
+ 2𝐹16𝜎1𝜏12 + 2𝐹26𝜎2𝜏12 < 1 
 
Equation 2-8 
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where F1, F2, F6, F11, F22, F66, F12, F16 and F26 are constants describing the materials tensile and 
compressive strengths. σi and τij represent the stress and shear components of the material 
(Barbero 2010). 
2.5.3.5. Puck 
The Puck failure criterion is used to evaluate failure in individual FRP plies using a 
unique set of inter-fibre failure modes. Puck failure criterion recognises three possible modes 
of inter-fibre failure, referred to as modes A, B and C (Figure 2-5). Each mode is distinguished 
by the orientation of the fracture planes relative to the fibre reinforcement.  
 
Figure 2-5: Inter-fibre failure modes A, B and C which promote delamination of the ply (Camanho 2002) 
Mode A failure corresponds to a transverse crack which has developed perpendicular 
to the loading. Equation 2-9 defines Mode A failure. 
√(
𝜏12
𝑆21
)
2
+ (1 − 𝑝⊥∥
(+) 𝑌𝑇
𝑆21
)
2
(
𝜎2
𝑌𝑇
)
2
+ 𝑝⊥∥
(+) 𝜎2
𝑆21
= 1 − |
𝜎1
𝜎1𝐷
| 
 
Equation 2-9 
Equation 2-10 describes Mode B failure, where failure stems from a transverse crack 
(similar to Mode A) due to compressive stresses. 
1
𝑆21
(√𝜏212 + (𝑝⊥∥
(−)
𝜎2)
2
+ 𝑝⊥∥
(−) 𝜎2
𝑆21
) = 1 − |
𝜎1
𝜎1𝐷
| 
𝜎2 < 0 𝑎𝑛𝑑 0 ≤ |
𝜎2
𝜏12
| ≤
𝑅⊥⊥
𝐴
|𝜏21𝐶|
 
 
Equation 2-10 
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Mode C describes a failure due to compressive stresses, which causes fibres to become 
displaced in a perpendicular direction to loading. Equation 2-11 presents the failure criterion 
for Mode C. 
1
𝑆21
(√𝜏212 + (𝑝⊥∥
(−)
𝜎2)
2
+ 𝑝⊥∥
(−) 𝜎2
𝑆21
) = 1 − |
𝜎1
𝜎1𝐷
| 
𝜎2 < 0 𝑎𝑛𝑑 0 ≤ |
𝜎2
𝜏12
| ≤
𝑅⊥⊥
𝐴
|𝜏21𝑐|
 
 
Equation 2-11 
where YT and YC are the composite transverse and compressive strengths respectively.  
The parameters 𝒑⊥∥
(−)
 and 𝒑⊥∥
(+)
 are the slopes of the (σ2, τ21) fracture envelope (see Figure 
2-6) and are related by Equation 2-12. 
𝑝⊥⊥
(−)
𝑅⊥⊥
𝐴 =
𝑝⊥∥
(−)
𝑅⊥∥
𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
Equation 2-12 
 
Figure 2-6: Fracture envelope for Puck’s failure modes A, B and C (Noorman 2014) 
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2.6. Closed-Form Analysis of Composite Bonded Joints 
2.6.1. Introduction 
Two basic mathematical approaches exist when analysing bonded joints; closed-form 
analyses and numerical methods. A starting point in developing state-of-the-art mathematical 
solutions for composite bonded joints is to identify applicable closed-form methods. The 
closed-form techniques described here are for two-dimensional bonded joint problems. Three-
dimensional solutions do exist, however, stresses across the width are significantly lower than 
those in the loading direction. Most analyses are linear-elastic for both adherends and adhesive 
as consideration of non-linear material behaviour renders the solution far too complex to solve 
analytically. da Silva et al. (2008) presents a thorough summary of many up-to-date closed-
form solutions (da Silva et al. 2008). Whilst many of these techniques were originally 
developed for metallic (isotropic) adherends, they can be adapted for laminated composites by 
introducing laminate plate theory (LPT). However, while LPT is able to produce equivalent 
orthotropic material properties, the aforementioned analytical models are unable to account 
for individual plies and substrate flexural stiffness.  
2.6.2. Volkersen’s Analysis 
The ‘shear-lag’ model developed by Volkersen (Volkersen 1938) is often considered the 
earliest analytical method for analysing bonded joints. Volkersen presented the notion of 
differential shear whilst omitting the bending effect induced by eccentric load paths. As such, 
it is more applicable to a DLJ than a SLJ. 
In order to reduce complexity, Volkersen’s simple analysis considered the elastic 
adherends to deform only in tension, while the adhesive can deform only in shear (Figure 2-7). 
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Figure 2-7: Deformation of a SLJ assuming elastic adherends (da Silva et al. 2008) 
Volkersen’s method does not provide an entirely accurate prediction due to numerous 
simplifications; nonetheless, it is still used for quoting shear strength in several ASTM and ISO 
standards (da Silva et al. 2008).  
2.6.3. Goland and Reissner’s Analysis 
Goland and Reissner (Goland & Reissner 1944) were able to expand upon Volkersen’s work by 
accounting for the omitted eccentric load path. A bending moment factor (k) was used to relate 
the bending moment at the end of the overlap (M0) and the applied load (P) (Figure 2-8) (da 
Silva et al. 2008). 
 
Figure 2-8: Goland and Reissner’s bending moment relationship: (a) Un-deformed joint, (b) Deformed 
joint (Goland & Reissner 1944) 
As the applied load increases, the overlap region begins to rotate, thus altering the load 
path and inducing large peel stresses. As the joint continues to rotate, the bending moment 
arm will decrease. A geometrically non-linear problem is produced with large adherend 
deflections.  
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Goland and Reissner’s second theoretical approximation treated the adhesive layer as 
an infinite number of shear/tension/compression springs to determine shear and peel stresses. 
The adhesive shear stress distribution for a typical SLJ using Goland and Reissner’s theoretical 
approximation is shown in Figure 2-9 (b). When comparing Volkersen’s (Figure 2-9 (a)) (da 
Silva et al. 2008) results with those of Goland and Reissner, Goland and Reissner predict larger 
shear stresses at the adhesive root and tip due to the effect of peel stresses generating 
additional shear.  
  
Figure 2-9: (a) Volkersen’s adhesive shear stress distribution, (b) Goland and Reissner’s adhesive shear and 
peel stress distribution (da Silva et al. 2008) 
Hart-Smith (1973a) considered the effect of large deflections as individual deformations 
in the top and bottom substrates in the overlap. As such, a substitute expression for Goland 
and Reissner’s bending moment factor was developed (see Equation 2-13 and Equation 2-14) 
(Hart-Smith 1973b). 
𝑘 = (1 +
𝑡𝑎
𝑡
)
1
1 + 𝜉𝑐 +
1
6 (𝜉𝑐)
2
 Equation 2-13 
𝜉2 =
?̅?
𝐷
 Equation 2-14 
where ta is the adhesive thickness and D is the adherends bending stiffness. 
(a) (b) 
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2.6.4. Other Linear-Elastic Analyses 
For carrying out simple analyses to determine adhesive stresses, Bigwood and 
Crocombe (1989) developed a general analysis that allowed for bonded joint evaluation 
(adhesive only) under complex loading conditions. This was achieved by modelling the 
overlap regions as an adhesive-adherend sandwich (see Figure 2-10).  
 
Figure 2-10: Bigwood and Crocombe’s adhesive-adherend sandwich assumption used to model 
adhesively bonded joints (Bigwood & Crocombe 1989) 
The authors assumed the adherends to be cylindrically bent flat plates connected by an 
adhesive layer that transfers the load from the substrates. Only isotropic adherends with 
constant thickness were considered in their analysis. Transverse shear and normal deformation 
in the adherends were not considered (Bigwood & Crocombe 1989). 
Stresses and deformations in the orthogonal directions in joint adherends are of 
concern in laminated composites due to the possibility of delamination. Early analyses 
conducted by Srinivas (1975) and Allman (1977) attempted to account for these effects. Srinivas 
(1975) discussed the shortcomings in both Goland and Reissner’s model when considering thin 
adherends with no transverse shear and normal stresses. As such, Srinivas produced an 
improved elastic analysis in which transverse and shear stresses were accounted for, alongside 
the effects of large adherend deflections. In addition to a refined elastic analysis, Srinivas 
conducted a parametric analysis on the effect of adherend transverse and shear deformations 
with procedures for decreasing adhesive shear and peel stresses. Srinivas determined that 
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reducing shear and peel stresses in the adhesive can be achieved by decreasing the adhesive 
modulus and tapering of the adherends (Srinivas 1973). Allman’s (1977) elastic theory 
incorporated the effects of tension, shearing and bending in the adherends, together with the 
effects of shearing and peeling in the adhesive. However, laminated composite adherends 
were not considered (Allman 1977). 
2.6.5. Laminated Composite Adherends 
One of the first to consider laminated FRP composite adherends in analytical form was 
Wah (1973). Wah’s model required the laminates to be symmetrical about their mid-plane and 
adhesive shear stresses to be constant across the bondline thickness. The analytical model 
could be implemented for both balanced and unbalanced adherend configurations. For 
balanced joints, two second-order differential equations require solving. For unbalanced joints, 
it is necessary to solve an additional problem to satisfy all the boundary conditions. Though, 
numerical results show that solving the additional problem produces a negligible difference in 
correcting for unbalanced joints. Consequently, ignoring the additional problem will render a 
smaller computational effort whilst providing adequate results (Wah 1973). 
Yang and Pang (1996) studied a laminated composite bonded SLJ divided into three 
zones; the overlap and both sides outside the overlap (right and left). The adherend behaviour 
was modelled as first-order laminated anisotropic plate theory. The authors assumed adhesive 
peel and shear stresses to be constant in the through-thickness direction. A system of six 
second-order differential equations were derived describing the behaviour of the two zones 
outside the overlap. The authors found the results to be similar to matching FE models (Yang 
& Pang 1996). 
Mortensen and Thomsen (2002) were able to model laminate adherends by 
incorporating classical laminate plate theory. Their analysis is applicable to most joint 
configurations (i.e. SLJs and DLJs). The adhesive can be modelled with either linear or non-
linear behaviour. The bondline thickness is assumed to be sufficiently thin relative to the 
adherends. The use of this spring model has the consequence of not satisfying the condition of 
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zero stress at the ends of the overlap, as seen in Goland and Reissner’s model. Mortensen and 
Thomsen were able to ignore this issue by suggesting that it serves as an approximation of the 
spew fillet formed in most structural joints, which are capable of transferring shear stresses 
(Mortensen & Thomsen 2002).  
2.6.6. Interface Stresses 
The analytical models discussed thus far predominantly focus on extracting adhesive 
stresses (peel and shear) for varying adherends. Interface stresses have not been considered, 
despite their importance in governing interfacial failures. Sawa et al. (1997) attempted to model 
the interfacial stresses in a two-dimensional SLJ. Their results indicated an increase in interface 
shear stress towards the overlap ends (Sawa et al. 1997). Following their previous work, Sawa 
et al. (2000) studied the effect of dissimilar adherends. Their results suggested the existence of 
a stress singularity at the interface towards the overlap tips. Subsequently, they concluded that 
a reduction in adhesive thickness brings about an increase in the singular stress. However, a 
sufficiently large adhesive thickness will provide the same effect, increasing the singular stress. 
An optimum thickness exists in which the singular stress is kept to a minimum (Sawa et al. 
2012). 
2.6.7. Adherend and Adhesive Non-Linearity 
The closed-form analyses discussed so far have only considered linear-elastic material 
behaviour. Few analyses exist which account for both adhesive and adherend non-linearity.  
Grimes and Greimann (1975) developed a non-linear analysis using a differential 
equation approach for both SLJs and DLJs. In their research, the joints were assumed to be 
suitably wide such that a state of plane strain can be assumed. The adherends were modelled 
as flat plates in bending, with non-linear behaviour being modelled using the deformation 
theory of plasticity. The authors analysis assumed adhesive stresses remained constant 
through the thickness of the material (Grimes & Greimann 1975).  
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A commonly cited work considering adhesive plasticity was carried out by Hart-Smith 
(Hart-Smith 1973b) (Hart-Smith 1973a), who developed an elastic-plastic shear stress model. 
Peel stresses induced by eccentric load paths are far more prominent in SLJs compared to DLJs. 
This is of particular concern in laminated composites due to their inherently low interlaminar 
strength. However, for suitable thin adherends, plastic peel stresses can be considered 
negligible. Hart-Smith combined the effects of elastic peel stresses with plastic shear stresses 
within the adhesive layer.  
Following their previous analysis, Bigwood and Crocombe (1990) attempted to account 
for non-linear adhesive behaviour under complex loading conditions. A series of non-linear 
tensile and shear springs were used to approximate non-linear adhesive behaviour. Adhesive 
yielding was modelled using the von-Mises criterion (Bigwood & Crocombe 1990). Bigwood 
and Crocombe (1992) expanded on this work to account for adherend non-linear behaviour, 
hence, their model could account for the non-linear stress response for both adhesive and 
adherend. Their analysis does not consider adherend shear deformation, which is important 
when considering adherends with relatively low transverse shear stiffness (i.e. laminated 
composites). 
2.6.8. Summary of Closed-Form Techniques 
The majority of the aforementioned closed-form models for bonded joints are two-
dimensional. For those analyses, it is assumed that the joints are in a state of plane strain or 
plane stress. Since non-linear material behaviour is difficult to include (due to increasing 
computational complexity), researchers typically implement linear-elastic material behaviour 
for both the adherend and adhesive. These simplifications can be justified when used in the 
context of providing an approximate indication as to the stress-state of a bonded joint.  
From the models discussed, Bigwood and Crocombe’s (1989) simple analytical model 
in combination with LPT (to model the laminated composite adherends) is the most effective 
model (in terms of accuracy and modelling time), that can be used to rapidly verify joint 
stresses. While the work of Yang and Pang (1996) or Mortensen and Thomsen (2002) may 
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provide improved accuracy compared to Bigwood and Crocombe’s solution for laminated 
composite bonded joints, the increase in complexity and therefore modelling time are far too 
great to produce any meaningful benefit. Bigwood and Crocombe’s technique incorporates 
many of the previously discussed simplifications that significantly reduce modelling time 
whilst providing a solution of sufficient accuracy.  
 FE techniques are preferred over traditional analytical models as they offer vastly 
superior modelling fidelity. Hence, analytical solutions should only be used as a method of 
verification, not for drawing key conclusions. 
2.7. Finite Element Analysis of Composite Bonded Joints 
2.7.1. Introduction 
As discussed previously, bonded joint analysis becomes increasingly complex once 
laminated composite adherends, material plasticity and intricate geometry are considered. In 
these cases, well-conceived numerical methods provide a better solution compared to closed-
form analyses. The FE method is the most common technique used for analysing adhesively 
bonded joints. One of the first researchers to implement the FE method was Adams et al. 
(Adams & Peppiatt 1973; Crocombe & Adams 1981; Harris & Adams 1984; Adams & Harris 
1987), with several notable researchers following. State-of-the-art FE techniques used to assess 
bonded joint failure can be separated into three mainstream approaches: continuum 
mechanics; fracture mechanics and damage mechanics. da Silva and Campilho (2012) provide 
an in-depth summary of these approaches in addition to other numerical methods (da Silva & 
Campilho 2012). FEA of adhesively bonded joints is now a mature field, hence only the more 
recent literature has been discussed here. 
2.7.2. Continuum Mechanics 
In the continuum mechanics approach of bonded joints, the maximum values of 
predicted stresses or strains are used in failure criterions or compared to corresponding 
material allowables. Maximum principal stresses are suitable for analysing failure in brittle 
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adhesives. For ductile adhesives, stress-based criteria are not appropriate as a joint can 
withstand large loads after adhesive yielding. The maximum stress and strain method is 
heavily dependent on mesh sizing due to the presence of singularities. To overcome this issue, 
a commonly used approach is to observe the stress or strain variables at some arbitrary 
distance from the point of singularity or over some volume surrounding the singularity, where 
the region is no longer influenced by the effects of the singular point (Banea & da Silva 2016). 
A general trend has seen recent studies make use of complex modelling techniques to 
accurately identify the progression of failure in composite bonded joints (Li et al. 2015; de 
Moura & Gonçalves 2014; de Moura & Gonçalves 2015; Akpinar et al. 2013; Khalili & Ghaznavi 
2012). While the continuum mechanics approach provides an insight to joint strength, the 
majority of researchers note the lack of reliable global failure criteria (Kaiser 2005).  
Apalak and Apalak (2007) investigated the initiation and propagation of damage zones 
in composite bonded SLJ under flexural loads at the mesoscale level using numerical and 
experimental techniques. An FE model was developed using both the Tsai-Wu and Hashin 
failure criteria, thus allowing damage zones to be evaluated in the composite adherends. Both 
criteria predicted failure to initiate at the ply nearest the adhesive interface and progress into 
adjacent plies. The Hashin failure criterion also indicates matrix failure and delamination 
modes in the opposite adherend. In general, predicted joint strength was lowest using the Tsai-
Wu failure criterion compared to Hashin and experimental data. The authors investigated the 
effect of varying the stacking sequence from [0]10 to [90]10 in 15° steps. Predicted strength was 
observed to decreased significantly with increasing fibre angle for both criterions. These 
numerical findings were confirmed through experimental work (see Figure 2-11). 
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Figure 2-11: Comparison of experimental, Tsai–Wu, and Hashin predicted joint failure loads of a SLJ 
under flexural loads (Apalak et al. 2007) 
Based on scanning electron microscopy (SEM) images taken from tested specimens, 
both the Tsai-Wu and Hashin failure criterion reasonably predict failure modes in the bonded 
SLJs. However, predicted failure loads become increasingly inaccurate as fibre angle reduces 
below 45°. This suggests that the Tsai-Wu and Hashin criterions are less applicable when 
predicting joint strength where the adherends are fibre dominated. The authors suggest that 
the elasto-plastic adhesive behaviour, non-linear matrix shear behaviour and geometrical non-
linearity should be considered in future analyses when predicting the adhesive failure 
mechanism and joint failure loads. The effect of varying adhesive type or adhesive thickness 
was not considered, nor was the use of other common adherend layups (Gul Apalak et al. 
2007). 
Kumar et al. (2006) investigated the strength of adhesively bonded laminated 
composite scarf joints under uniaxial tensile load. Their work consisted of both numerical and 
experimental analysis, varying the scarf angle and adhesive thickness whilst the adherend 
properties remained unchanged (16 ply UD prepregs, 0 fibre orientation). In their FE analysis, 
a 3D model was developed which assumed the adherend to be a single orthotropic material 
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with linear-elastic properties. The adhesive was also assumed to be linear-elastic. The Hashin-
Lee (Hashin 1980; Lee 1982) failure criterion was employed to identify failure in the laminate, 
and a simple von-Mises criterion was used for the adhesive. Figure 2-12 compares the effect of 
scarf angle and adhesive thickness on joint strength, both experimentally and numerically.  
 
Figure 2-12: Comparison of experimental and numerical joint tensile strengths against scarf angles and 
adhesive thickness (Kumar et al. 2006)  
The authors note predominantly fibre fracture for scarf angles less than 2, whereas 
cohesive failure was observed for scarf angles greater than 2. Shallower scarf angles yielded 
greater tensile joint strength, suggesting fibre fracture is the stronger failure mode. The 
numerical solutions match the experimental findings. Interestingly, the numerical predictions 
improve in accuracy with increasing scarf angle, presumably due to the change in failure 
location (adherend failure to adhesive failure). This indicates that the von-Mises criterion 
performs favourably at identifying cohesive failure compared to Hashin’s criterion for 
determining laminated composite fibre fracture failure (Kumar et al. 2006). 
Das and Pradhan (2010) researched the behaviour of laminated composite bonded 
tubular joints. The authors numerically investigated the effect of overlap length on joint 
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strength using a Tsai-Wu based failure criterion implemented in a 3D FE model. Failure within 
the adhesive was modelled using a von-Mises criterion. All materials were assumed to be 
linear-elastic. Figure 2-13 illustrates their findings. 
 
Figure 2-13: Variations of failure indices at the interface of inner adherend and adhesive for varying 
overlap lengths (Das & B. Pradhan 2010) 
The authors note that continuously increasing overlap length leads to diminishing 
returns. Das and Pradhan also suggest the use of 3D FE models for all failure problems of 
bonded joints involving complex geometry, loading and boundary conditions. No 
experimental validation was presented for their findings, which is somewhat problematic for 
truly understanding how accurate their predictive models are (Das & B. Pradhan 2010). 
Luo et al. (2016) investigated the reliability of Hashin’s failure criterion in composite 
bonded SLJs. The authors began by developing 3D FE models of several SLJ configurations 
with increasing adherend thickness. Damage initiation and subsequent evolution in the 
composite adherends was modelled using the Hashin criterion, whilst adhesive failure was 
simulated using the cohesive zone method (see Figure 2-14). 
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Figure 2-14: FE model of SLJ illustrating the various damage modelling components (Luo et al. 2016) 
The authors verified their numerical findings with matching experimental work. A 
relative average error between numerical and experimental joint strength of 4.7% was 
achieved. This suggests that the modelling technique implemented is highly applicable. 
However, the authors note that with increasing adherend thickness, failure modes gradually 
move from mixed adhesive-adherend failure to strictly adhesive failure. This may serve to 
contradict the usefulness of Hashin’s criterion as joint strength is governed by the adhesive, 
and thus the accuracy of the cohesive zone parameters. It should be noted that a considerable 
investment was needed to experimentally determine the cohesive zone parameters. Hence, the 
apparent accuracy is a reflection of the progressive damage modelling technique and not the 
continuum mechanics approach (Luo et al. 2016). 
Zhang et al. (2015) developed a predictive model for a complex ‘pi’ joint configuration 
(see Figure 2-15). The authors noted the lack of reliable universal failure criteria for complex 
composite bonded joints, hence an average failure index method based on the maximum stress 
failure criterion was developed. 
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Figure 2-15: The components, configuration and geometry details of a ‘pi’ joint (Zhang et al. 2015) 
The average failure index method identifies individual stress components in both the 
adhesive and substrate and compares them to corresponding material allowables. In contrast 
to the time-consuming damage modelling techniques, the authors state that the proposed 
method provides the capability to quickly assess failure of composite bonded joints. Good 
agreement was observed between numerical and experimental joint strengths, with a 
maximum relative error of 7% across all configurations. Failure was observed to originate 
primarily within the ‘filler’ region as a mixture of both adherend matrix and adhesive 
interfacial failures. The authors concluded by stating that the use of a linear-elastic FE model 
with appropriate failure criteria is far more efficient at assessing failure compared to complex 
damage modelling techniques (Zhang et al. 2015). 
In comparison to the work proposed in this thesis, Zhang et al. touched on many of the 
same points. The authors share the same concern regarding modelling and implementation 
time for complex damage models. Using their simplified technique, rapid results have been 
achieved without sacrificing accuracy. It is important to note that the authors have focused on 
a single joint type, whilst only varying the composite adherend architecture (i.e. woven or UD 
interface). While that may be sufficient in the case of their research, it does ensure their 
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approach is robust enough for a more global approach. To achieve this, a much greater test 
campaign will need to be undertaken, where varying joint geometries and joint materials must 
be investigated. 
2.7.3. Damage and Fracture Mechanics 
Advanced modelling techniques such as damage and fracture mechanics surpass the 
limitation of the continuum approach by modelling damage evolution and material 
degradation. Material damage occurs in the form of finite micro-cracks as a structure is loaded, 
consequently, a global drop in applied load is observed. Unlike the continuum approach, a 
damage based model can incorporate the real abcd curve (see Figure 2-16), by allowing damage 
to propagate through the simulation of material stiffness degradation between damage onset 
(c) and complete failure (d) (da Silva & Campilho 2011).  
 
Figure 2-16: Schematic stress-strain response of a ductile material under uniaxial tensile load (da Silva & 
Campilho 2011) 
Li et al. (2015) developed a cohesive zone model (CZM) to predict the effects of varying 
scarf angle and adherend thickness in adhesively bonded carbon fibre reinforced plastic 
(CFRP) scarf-lap joints. Three layups ([45/0/–45/90]s, [45/0/–45/90]2s, and [45/0/–45/90]4s) and 
four scarf angles (3.81°, 5.71°, 8.13°, and 11.31°) were investigated. Prior to their numerical 
work, the authors carried out a matching experimental study. The authors concluded the 
primary failure mode to be delamination at the 90° ply interface, followed by cohesive failure 
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in the adhesive. As adherend thickness increases, failure migrates away from the adhesive and 
into the adherend (delamination). Following the outcome of the experimental work, the 
authors chose to model the scarf-lap joints on a ply-by-ply basis, with a thin layer of cohesive 
elements between each of the 90° plies. The adhesive was modelled using cohesive elements 
at the actual bond thickness. The response of the cohesive elements was represented by a bi-
linear traction-separation law. The numerical results provided good agreement between FE 
and experimental results for all joint configurations, with a maximum relative error of 7.5% 
(see Figure 2-17) (Li et al. 2015). 
 
Figure 2-17: Comparison of experimentally and numerical determined scarf-lap joint strengths (Li et al. 
2015) 
While the results presented by the authors show strong correlation both in failure load 
and failure mode, this was perhaps only possible due to information provided by the 
experimental study, which allowed cohesive zones to be targeted in regions where failure is 
known to occur (a drawback of the cohesive zone approach). In most industrial applications, 
it is far too costly to carry out matching experimental studies to validate FE work. The authors 
did not discuss alternative FE models, nor did they discuss the time to implement the cohesive 
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zone FE models (model generation and data gathering for cohesive zone parameters). Both 
would be necessary to understand its applicability in industry. 
Banea et al. (2016) studied the effect of varying joint geometry and adhesive material 
on the mechanical response of bonded SLJs. Their research consisted of both experimental and 
numerical analysis. The authors observed a mixture of cohesive and interfacial failure 
regardless of overlap length or adhesive type, no failure was observed within the substrate. 
The numerical work was based on a CZM where the adhesive was replaced with cohesive 
elements, to model the gradual degradation of material properties up to complete failure. A 
high-strength steel (HS) and laminated composite adherend (C) were tested alongside two 
structural adhesives (SikaForce 7888 and SikaPower 4588). Figure 2-18 presents the authors 
numerical and experimental findings.  
 
Figure 2-18: Experimental and numerical failure loads of SLJs as a function of overlap length and material: 
(a) SikaForce 7888, (b) SikaPower 4588 (Banea et al. 2016) 
The authors found the CZM to predict acceptable values for short overlaps, but 
somewhat imprecise values for larger overlaps. The authors credit the apparent accuracy to 
the predetermined cohesive law properties and known failure region, however, further 
refinement is necessary for the model to be applicable to joints with large overlaps (Banea et 
al. 2016). 
(a) (b) 
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de Moura and Gonçalves (2015) developed a 3D CZM to simulate progressive material 
degradation due to fatigue loading in composite single-leg bending (SLB) joints (see Figure 
2-19). 
 
Figure 2-19: Schematic representation of a composite SLB joint (de Moura & Gonçalves 2015) 
The authors placed cohesive elements of negligible thickness at the mid-plane of the 
SLB specimen to simulate damage in the adhesive. The remaining composite was modelled as 
a single orthotropic material. The predicted crack growth rate was compared to different Paris 
law coefficients and loading magnitudes (de Moura & Gonçalves 2015).  
The authors concluded that the model can suitably predict fatigue fracture in composite 
bonded joints under mixed-mode (I and II) loading, however, no experimental work was 
conducted to verify their findings. Furthermore, the authors do not provide suitable 
justification for their adherend assumption. The load-state of the joint is one which significant 
through-thickness (peel) stresses would be experienced, thus increasing the possibility of 
delamination failures within the substrate. Modelling the joint as a single orthotropic material 
does not allow ply stresses to be extracted on a per ply basis, thus preventing any thorough 
analysis of the substrate. Ideally, cohesive zones would be introduced at the interface between 
each ply. Alternatively, a continuum approach could be taken, where a failure criterion is 
applied to the substrates.  
Liu et al. (2016) propose a non-linear cohesive/frictional contact coupled model for the 
mode-II shear delamination of an adhesively bonded composite joint. The authors investigated 
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an end-notched flexure joint (see Figure 2-20) with three variations in adherend stacking 
sequence ([0]6, [±30]5 and [±45]5). 
 
Figure 2-20: FE model of composite bonded flexure joint consisting of cohesive elements to model damage 
in the bondline (Liu et al. 2016) 
The effects of the friction coefficient, cohesive strength, normal contact stiffness and 
mesh size on the load–displacement curves and delamination mechanisms of composites were 
studied. Numerical results show that shear delamination growth is governed by the transition 
from the decreased tangential cohesive traction to the increased tangential friction, and the 
frictional effect becomes distinct after unstable delamination for [±30]5 and [±45]5 laminates 
(Liu et al. 2016). 
Parida and Pradhan (2014) investigated the progression of embedded delamination 
within the CFRP adherend of lap-shear joints using 3D non-linear FEM. The delamination is 
assumed to initiate at the interface between the first and second plies of the strap adherend. 
The authors focused on interlaminar peel and shear stresses in great detail. The components 
of strain energy release rate corresponding to the opening, sliding and cross sliding modes of 
delamination are significantly different at the two fronts of the embedded delamination. The 
authors conclude that the technique can be used to evaluate the structural integrity of 
composite bonded joints effectively. The authors chose not to compare this technique to other 
damage modelling methodologies, nor were any additional configurations analysed to 
determine the effect of joint configuration on failure modes (Parida & Pradhan 2014).  
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Masmanidis and Philippidis (2015) developed a complex SLJ damage model for 
simulating damage propagation of composite bonded joints, incorporating the Puck criterion 
for the adherends and cohesive zones modelling for the adhesive (see Figure 2-21).  
 
Figure 2-21: Progressive debonding of the SLJ at (a) 20%, (b) 50%, (c) 75%, (d) 95% and (e) 100% failure load 
(Masmanidis & Philippidis 2015) 
The proposed modelling procedure was used to verify several lap joints, accounting 
for adhesion either by means of secondary bonding or co-bonding. Experimental work was 
carried out to verify their numerical findings. When varying the overlap length, numerical 
results offered good agreement with experimental data, both in joint strength and overall 
structural behaviour (see Table 2-1) (Masmanidis & Philippidis 2015). 
 
 
 
 
(a) 
(b) 
(c) 
(d) 
 
(e) 
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Table 2-1: Comparison of SLJ experimentally and numerically determined strengths (Masmanidis & 
Philippidis 2015) 
Overlap Length 
(mm) 
Secondary Bonding Co-Bonding 
 FEA 
(kN) 
Test 
(kN) 
CoV 
(%) 
FEA 
(kN) 
Test 
(kN) 
CoV 
(%) 
50 10.27 6.64 22.10 15.60 11.61 9.70 
100 13.62 10.51 8.80 16.36 16.31 9.23 
150 14.10 14.83 4.67 16.74 16.82 7.63 
200 14.11 14.65 4.20 16.60 16.33 3.28 
 
The authors note that failure modes transition from adhesive to adherend failures with 
increasing overlap length. Interestingly, with greater overlap length (and therefore a transition 
to adherend failure), the numerical solutions become increasingly accurate. This may provide 
an insight as to the effectiveness of the Puck criterion, given how it is able to reliably predict 
adherend failure in the authors work. Moreover, the lack of consistency when predicting 
adhesive failure is perhaps a function of poor cohesive parameters as opposed to a wider issue 
with the modelling technique. 
2.7.4. Summary of Finite Element Modelling Techniques 
Thus far in the works discussed, both simple linear-elastic models and complex 
damage models are capable of predicting composite bonded joint strength to varying degrees 
of accuracy. While the inherent benefits of advanced damage modelling techniques are clear, 
authors are reluctant to suggest widespread use of such models in industrial applications. With 
regards to the continuum approach, the issue lies in knowing whether the model being 
implemented is suitable for the given boundary conditions and expected failure modes. A 
study carried out by NASA in 2001 investigated failure criteria for fibrous composite materials. 
Their research showed that the relative popularity of failure criteria is approximately 30% for 
the Maximum Strain criterion, 22% for the Maximum Stress criterion, 17% for the Tsai-Hill 
criterion, 12% for the Tsai-Wu criterion and 19% for all the others (París 2001) (Sun & Quinn 
1996). In reality, all approaches are applicable depending on the configuration of the joint itself. 
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The following conclusions can be drawn from the continuum approaches discussed 
previously. 
• At a lamina level, criterions which separate fibre failure from matrix failure (i.e. 
Hashin-Rotem) offer the most accurate results. This is supported by the 
majority of test data which indicates matrix and fibre failure having distinctly 
different impacts on joint strength.  
• For laminates with fibres orientated in the loading direction (i.e. fibre-
dominated laminates), Maximum Stress, Maximum Strain, and Hashin-Rotem 
failure criteria perform favourably over others. These criterions are far less 
sensitive to variations in matrix strengths. 
• Failure criterions which are interactive (i.e. Hill Tsai, Tsai-Wu, and Hashin) are 
sensitive to variations of the matrix-dominated lamina strengths. Consequently, 
precise in-situ composite strengths are critical to the use of these criterions. 
• To predict lamina matrix failure, the in-situ transverse strength and shear 
strength should be used. 
• Depending on adhesive stiffness, maximum stress or von-Mises criterions can 
be used to identify failure. 
There is a clear trend in literature towards increasingly complex damage models 
capable of pushing the accuracy of numerical prediction. Unfortunately, all damage models 
suffer from the same fatal flaw; the inability to be rapidly processed and developed using 
limited material data. Damage models inherently rely on unique sets of material data beyond 
engineering constants to provide the level of detail not observed in the continuum approach. 
The extraction of these parameters involves costly experimental work, which may not be 
reasonable in applications where rapid analysis is required. 
Some researchers resort to combining the continuum and progressive damage 
approaches to reduce computation time. This typically involves modelling failure with 
cohesive zones in the bondline whilst applying a global failure criterion to the substrate. In 
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these cases, authors often note that reduced complexity aids in computation time and 
convergence of the overall problem. Mesh sensitivity is of greater concern in damage models 
due to their implication on damage initiation sites. This additional refinement stage is heavily 
emphasised in research papers and noted for being incredibly time and resource intensive. 
2.8. Experimental Analysis of Composite Bonded Joints 
2.8.1. Introduction 
In addition to state-of-the-art theoretical analysis of composite bonded joints, literature 
concerning experimental studies has also been reviewed. Particular emphasis has been placed 
on the observed failure modes and the effect of varying joint configuration. In the majority of 
these studies, researchers attempt to control surface preparation, joint geometry, bondline 
thickness, fillet geometry, surface ply and stacking sequence. In the case of FRP laminated 
composite bonded joints, it is common to see multiple failure modes as damage progresses 
through the overlap region. de Goeij et al. (1999) compiled a summary on the effect of varying 
joint parameters on performance (see Table 2-2). The data was collected from various research 
papers. Although the data is incomplete, it does provide an insight into the relative 
performance of composite bonded joints (de Goeij et al. 1999). 
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Table 2-2: Influence of parameters on bonded joint failure (de Goeij et al. 1999) 
Joint 
Parameter 
Influence Failure Observations 
Adhesive 
Properties 
Ductile/Brittle 
Adhesives 
For a brittle adhesive, static fracture strength under mode 
I loading is typically 20% lower than under mixed mode 
(I-II) loading. The same effect does not exist for ductile 
adhesive. 
Toughened/Non-
Toughened 
Adhesives 
In general, toughening of an adhesive improves its static 
strength whilst increasing fracture energy. 
Adhered 
Configuration 
Adherend Stiffness The rigidity of the adherend influences the stress 
distribution along the bondline. The influence of the 
stiffness can be described by using the ratio: 
𝐸𝐴𝑑ℎ𝑒𝑟𝑒𝑛𝑑
𝐸𝐴𝑑ℎ𝑒𝑠𝑖𝑣𝑒
 
Higher values of this ratio mean lower crack resistance. 
Adherend 
Thickness 
The thickness influences stress distribution, and, for some 
joint geometries such as SLJs, the amount of eccentricity 
and peel stresses along the overlap. 
Fracture Surface For 0 surface ply, fibre pull-out can be found. For 
specimens with 45 surface ply, the crack can extend along 
the ply interface and further into the substrate. 
Joint 
geometry 
Bondline 
Thickness 
Increasing the bondline thickness will increase the fracture 
resistance until a certain ‘optimum’ thickness is reached. 
Joint Width With increasing joint width, the effect of edge interaction 
on the stress distribution towards the middle of the joint 
will reduce. 
Overlap Length Joint strength increases with increasing overlap length 
until the adherends become the critical point of failure. 
Geometry Overlap Shape Square End: The stress peak is highest due to the sudden 
stiffness jump.  
Taper: The stress peak is reduced relative to the square 
end overlap due to the more gradual introduction of the 
stress peak. 
Inverse Taper: The thick fillet results in a plane strain 
stress condition, causing the fracture resistance to be 
lower. 
Fillet A small fillet can reduce the peel stress peak near the 
overlap end due to a more gradual introduction of the 
shear stress. 
Interface Adhesive/Cohesive 
Failure 
The ultimate static strength is always greater for a 
cohesive failure compared to an adhesive failure. This 
depends strongly on the quality of pre-treatments. 
Loading 
Parameters 
Loading rate In general, the fracture resistance is lower for higher strain 
rates. 
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2.8.2. Effect of Surface Treatment 
Substrate surfaces are the primary region of contact and therefore play a significant role 
in the quality of bonded joints. Pre-treatments alter the surface properties of substrates prior 
to adhesion to ensure maximum bond strength. For thermosetting FRP composite substrates, 
surface treatment should partly remove the surface resin without exposing fibres. Davis and 
Bond (1999) investigated the effect of surface chemistry on bonded joint durability. The authors 
identified the importance of attaining suitable surface chemistry as it directly influences the 
durability of the joint. Armanios et al. (2002) stated that premature interfacial failures are 
characteristically associated with inadequate surface preparation (Armanios et al. 2002; Davis 
& Bond 1999). 
Kim et al. (2006) investigated the effect of surface roughness on damage progression, 
final failure modes and strength of UD laminated composite bonded SLJs (see Figure 2-22). 
The authors varied the abrasive paper used to treat the bond surfaces from 220 to 400 grit, 
whilst maintaining all other joint parameters. With increasing grit size, surface roughness is 
reduced. 
  
Figure 2-22: Effect of surface preparation on the failure modes of composite bonded SLJs: (a) 220 grit, (b) 400 
grit (Kim et al. 2006) 
(a)   (b) 
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Interfacial failure was prominent on both failure surfaces, however, the authors noted 
the lack of fibre pull-out failure in the specimen abraded with 220 grit paper. Figure 2-23 
presents joint strengths using the aforementioned pre-treatments.  
 
Figure 2-23: Measured joint strengths as a function of surface roughness for composite bonded SLJs (Kim et 
al. 2006) 
The authors observed improved mean joint strength for specimens prepared using 
finer sandpaper (larger grit number). It should be also noted that lower grit number sandpaper 
produced large variances in experimental strength. This is due to the inconsistencies in surface 
roughness using 220 grit sandpaper. The authors noted the difficulty in maintaining uniform 
surface roughness. Such variances would deem the joint unsuitable for mission-critical 
structural components (Kim et al. 2006).  
In contrast to traditional mechanical abrading techniques, many studies have 
investigated the preparation of composite substrates using non-conventional techniques, such 
as laser or plasma treatments. A plasma treatment can be considered a physical-chemical 
procedure, which aims to increase surface free energy and promote adhesion. The ionised gas 
generated by plasma discharge allows for not only a deep cleaning of the specimens surface, 
but also the activation and oxidation of polymeric surfaces without affecting bulk properties. 
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Mandolfino et al. (2014) studied the effect of cold plasma treatment on CFRP substrates. The 
improvement in adhesion properties of plasma treated polymers has been described in terms 
of wettability, contact angle and lap-shear strength. The results were also compared with 
untreated, degreased with acetone, and abraded specimens (see Table 2-3). 
Table 2-3: Shear strength of adhesively bonded composite joints with different surface treatments 
(Mandolfino et al. 2014) 
Surface Treatment Mean Shear Strength (MPa) Standard Deviation (%) 
No treatment 1.24 83 
Degreasing 3.36 26 
Abrasion 5.28 34 
 
Plasma 
Power Input (W) Time (s) Mean Shear Strength (MPa) Standard Deviation (%) 
100 5 3.62 24 
100 60 4.36 7 
100 180 4.79 5 
100 300 4.34 7 
200 5 3.92 19 
200 60 5.67 12 
200 180 5.77 8 
200 300 7.30 6 
200 450 7.28 11 
200 600 5.79 8 
 
The results have primarily emphasised the need for selecting the appropriate surface 
treatment technique to achieve reliable joint bonding. Plasma treatment has proven to be very 
effective, with the following key conclusions achieved from the authors study. 
• Surface wettability increases proportionally to plasma exposure time (which is 
shown by the reduction in surface contact angle). This is due to plasma 
treatments ability to remove the majority of surface pollutants. 
• The effectiveness of plasma treatment is shown by the substantial improvement 
in shear strength over traditional methods. 
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• The number of cohesive failures increase when using plasma instead of 
abrasion pretreatment. 
Through plasma treatments, the authors are able to observe a maximum increase of 
38% in lap-shear strength compared to mechanical abrading techniques. Furthermore, the 
mean variance reduces from 34% (abrading) to 6% (plasma), which is of significant importance 
where reliability is concerned (Mandolfino et al. 2014). 
2.8.3. Effect of Joint Geometric Parameters 
The large-scale effect of manipulating joint design has already been discussed in 
Chapter 2.3. The following works cited will focus on the more detailed aspects of classical joint 
design, such as overlap length, adhesive thickness, adherend thickness and so on.  
Seong et al. (2008) carried out a parametric experimental study on adhesively bonded 
carbon composite-to-aluminium SLJ. The primary objective of this study was to investigate the 
effects of various parameters, including bonding pressure, overlap length, adherend thickness, 
and material type on the failure load and failure modes. The adhesive type remained constant 
throughout their investigation (high-strength epoxy developed by Cytec). Figure 2-24 
illustrates the typical SLJ tested during the authors study. 
 
Figure 2-24: Typical configuration of the SLJ tested with varying overlap length, adherend thickness and 
bonding pressure (Seong et al. 2008) 
Initially, the authors investigated the effect of bonding pressure on a baseline 
configuration. Various bonding pressures were examined (2, 3, 4 and 6 atm). Figure 2-25 
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presents the resultant failure loads and joint strengths (a function of the bond area). The 
composite adherend consisted of a [±45/90/0]2S layup. 
 
Figure 2-25: Joint strengths and failure loads at different bonding pressures (Seong et al. 2008) 
It is important to note that the bonding pressure, not the bondline thickness, was 
controlled in this part of the authors study. As shown in Figure 2-25, the difference in failure 
load between 4 - 6 atm bonding pressure is negligible. However, joint strength does appear to 
be influenced at bonding pressures of 3 atm and below. At 2 atm, joint strength is 
approximately 21% lower compared to that at 4 atm. The authors note that the supplier 
recommended a bonding pressure of 3 atm, which does not yield maximum performance. For 
joints bonded under 2 atm, a combination of interfacial and delamination failure was observed. 
At greater bonding pressures, delamination between the first two layers nearest the interface 
of the composite adherend was considered the primary failure mode. 
Figure 2-26 presents the variation in joint strength and failure load at different overlap 
lengths, where all other parameters were kept constant. As expected, increasing the overlap 
length does result in a net increase in failure load, whereas bond strength decreases with 
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increased overlap length (due to the poorer efficiency in transferring load relative to the bond 
area).  
 
Figure 2-26: Joint strengths and failure loads at different overlap lengths (Seong et al. 2008) 
Failure load is not proportional to the overlap length as the edge of the bonded area 
plays an increasingly important role in transferring load compared to the inner bonded area. 
Hence, the efficiency of increasing overlap length to obtain a stronger joint is limited. The 
authors note that the relationship between the failure load and overlap length may also be 
dependent on joint-specific factors.  
Figure 2-27 illustrates the failure surfaces for each bonded joint with varying overlap 
lengths. In all cases, failure occurs within the composite substrate or at the composite substrate 
and adhesive interface. 
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Figure 2-27: Failure surfaces for each bonded joint with different overlap lengths: (a) 15 mm, (b) 20 mm, (c) 
25 mm, (d) 30 mm, (e) 35 mm and (f) 40 mm (Seong et al. 2008) 
The failure modes observed across all specimens are inherently complex, with a 
combination of interfacial failure and delamination. For overlap lengths less than 20 mm, 
delamination of the composite adherend between the first two plies near the interface (i.e. 
between the 45° and 45° plies) is widely observed. As the overlap length increases, and the 
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length-to-width ratio of the bonded area becomes larger, delamination progresses further into 
the substrate (i.e. between the 90° and 0° plies). 
Figure 2-28 compares the strength of composite joints with ‘thick’ and ‘thin’ adherends. 
This was achieved by increasing the number of plies in the adherend whilst maintaining the 
same stacking sequence (i.e. introducing symmetry). All other joint parameters are kept 
constant.  
 
Figure 2-28: Strength of bonded joints with different adherend thicknesses (Seong et al. 2008) 
Joint strengths for joints with 3.01 mm thickness adherends are 12–32% greater than 
those using 1.58 mm thickness adherends. It is clear that increasing adherend thickness will 
lead to improved joint performance, however, effectively doubling the thickness of the 
adherend has led to relatively minor gains in terms of joint strength. This implies that joint 
strength is not linearly proportional to the thickness of the adherends. In addition, the 
thickness of the adherend does not substantially affect the failure modes observed. 
From their extensive study, the authors are able to summarise with the following key 
conclusions (Seong et al. 2008). 
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• The specimens bonded under a pressure of 4 to 6 atm yielded higher failure 
loads than under a pressure of 3 atm.  
• Whilst increasing the overlap length does increase joint failure loads, it also 
reduces load transfer efficiency.  
• Increasing adherend thickness resulted in an increase in failure load, however, 
this relationship is not linear, suggesting diminishing returns with increasing 
adherend thickness.  
• The critical failure mode of all the tested bonded joints with dissimilar materials 
was delamination of the composite adherend.  
While this may seem conclusive, it is important to note that the authors only 
investigated a single surface ply orientation (45° surface ply), hence it would be reasonable to 
assume distinctly different failure modes will be observed for changes in surface ply 
orientation or the introduction of a woven surface. Without this information, it is difficult to 
gain a global perspective of the effect in changing joint parameters.  
Li et al. (2015) experimentally studied the effect of varying composite bonded joint 
parameters. Their work included SLJs, DLJs and scarf-lap configurations (see Figure 2-29), 
varying overlap length, adherend thickness, adherend width and scarf angle. The substrate, 
adhesive material and bondline thickness remained constant (Li et al. 2015).  
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Figure 2-29: Geometry of each configuration tested: (a) SLJ, (b) DLJ and (c) scarf-lap joint (Li et al. 2015) 
The composite material chosen for the adherend was carbon/BMI unidirectional 
prepreg (T300/QY8911, nominal thickness 0.12 mm) with three stacking sequences 
investigated ([45/0/ 45/90]s, [45/0/ 45/90]2s and [45/0/ 45/90]4s). The adhesive thickness of all the 
joints was 0.15 mm (J116B, epoxy film), produced by Institute of Petrochemistry Heilongjiang 
Academy Sciences. Following their extensive study, Li et al. concluded with the following key 
findings from their work. 
• For the SLJs, the load–displacement curves exhibit non-linear behaviour with 
increasing adherend thickness as a result of eccentric loading. 
o The failure loads and lap-shear strengths are not proportional to the 
thickness of the adherend. The most prominent failure modes include 
cohesive and delamination failure. 
• For the DLJs, the load–displacement response is linear. The failure load appears 
to be directly proportional to the width of the adherend, but not to adherend 
thickness. Interestingly, lap-shear strength is not proportional to adherend 
width or thickness. The failure mode is a mixture of cohesive and delamination. 
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• Of the three configurations tested with similar parameters (i.e. materials), the 
authors note that the DLJ performed the best in terms of failure load. The scarf-
lap joint presented the highest lap-shear strength, making it the most efficient 
of the joints tested. 
2.8.4. Effect of Surface Ply Orientation and Stacking Sequence 
Early work investigating the effect of surface ply orientation was carried out by 
Johnson and Mall (1985). Johnson and Mall conducted an experimental study analysing 
cracked-lap-shear (CLS) specimens to investigate the effect of laminated composite adherend 
stacking sequence on failure mechanisms. The authors varied the adherend surface ply such 
that the bonded interface would be at a 0°, 45° or 90° orientation. The authors note damage to 
initiate within the adhesive/interface for specimens with 0° or 45° surface plies. In the case of 
90° surface plies, damage initiated as ply cracking which led to delamination. The authors 
observed significantly reduced stress levels required for damage initiation in specimens with 
90° surface plies (Johnson & Mall 1985). 
These key conclusions form the basis for the majority of modern composite bonded 
joint design with regards to surface ply orientation. Surface fibres are purposefully orientated 
in the loading direction to provide the greatest performance. With the introduction of woven 
fabrics, many engineers opt to use woven surface plies to reduce the likelihood of delamination 
of the surface UD ply. Naturally, these results are not entirely conclusive and greatly depend 
on the material properties themselves. More recent studies (both experimental and numerical) 
investigating surface ply orientation and stacking sequence include: (Meneghetti et al. 2010; 
Aydın 2008; Kumar et al. 2006; Apalak et al. 2007; Li et al. 2015; Luo et al. 2016). Recently, 
additional emphasis has now been placed on optimising stacking sequence as it can provide 
the required performance without the need for additional reinforcement. The following works 
focus on more in-depth studies regarding adherend stacking sequence and surface ply 
orientation. 
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Meneghetti et al. (2012) carried out a detailed study on the failure mechanisms 
associated with fatigue damage in composite bonded SLJs. The authors placed emphasis on 
the effect of surface ply orientation, stacking sequence, adhesive fillet geometry and overlap 
length. The joints studied were manufactured from autoclave-moulded carbon–epoxy 
laminates and bonded with the two-part 9323 B/A epoxy adhesive by 3M. The geometry of the 
joint tested is shown in Figure 2-30. Adhesive thickness was maintained at 0.15 mm through 
the use of glass beads mixed into the adhesive (Meneghetti et al. 2012). 
 
Figure 2-30: Geometry of the SLJ with details of the adhesive fillet (Meneghetti et al. 2012) 
The influence of the stacking sequence ([0]6, [45/02]s and [452/ 0]s), surface ply orientation 
(0° or 45°), geometry of the fillet (square edge or spew fillet) and overlap length (20 or 40 mm) 
on fatigue behaviour were investigated. The main conclusions from their work is summarised 
below. 
• The authors found the fillet geometry and overlap area to be the most important 
factors affecting fatigue strength. More specifically, greatest performance was 
obtained with a spew fillet edge and 40 mm overlap length, whilst lowest 
performance was observed in specimens with a square edge and 20 mm overlap 
length. According to the authors results, the stacking sequence and the 
orientation of the surface ply have a lesser influence on joint strength than 
previously thought. This outcome is a reflection of fatigue testing (where the 
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applied load does not reach the failure load), the same conclusions would not 
be applicable when identifying ultimate tensile strength.  
• The 45° surface ply slightly increases crack propagation time relative to a 0° 
surface ply, which exhibits far more rapid damage progression. 
• The progression of damage is significantly influenced by the surface ply 
orientation. For 0° surface ply joints, cracks predominantly develop at the 
adhesive–adherend interface. Conversely, the presence of the 45° surface ply 
introduces complex damage phases. After damage initiation, cracks propagate 
along the adhesive–adherend interface alongside delamination induced 
damages.  
While the authors make several interesting conclusions, particularly regarding the 
importance of surface ply orientation and adhesive fillet, it is important to note that a surface 
ply with fibres in the 90° orientation have not been considered. In this case, the authors assume 
that performance would be significantly affected regardless of adhesive fillet geometry and 
overlap length. Nonetheless, the authors are able to conclude that increasingly off-axis surface 
fibre orientation results in progressively more complex failure modes and reduced joint 
performance.  
Purimpat et al. (2013) noted that the majority of research presented in the literature 
regarding surface ply orientation and stacking sequence do not separate global effects 
(membrane and bending stiffness modification) and local effect (ply orientation near the 
adhesive layer). The authors study deals with the characterisation of such effects in the case of 
CFRP composite bonded SLJs. In order to isolate the local effects, specific quasi-isotropic 
/quasi-homogeneous stacking sequences are used. The following 12 adherend layups were 
studied, all other joint parameters remained constant: [0/45/90/-45]3s, [0/45/-45/90]3s, [0/90/45/-
45]3s, [45/90/-45/0]3s, [45/90/0/-45]3s, [45/0/-45/90]3s, [45/0/90/-45]3s, [45/-45/90/0]3s, [45/-45/0/90]3s, 
[90/-45/0/45]3s, [90/45/-45/0]3s and [90/0/-45/45]3s. Figure 2-31 presents the authors experimental 
findings. 
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Figure 2-31: Average failure loads for SLJs using 12 different stacking sequences (Purimpat et al. 2013) 
The authors observe failure strengths to be dependent on both the local orientations 
and the global properties of the laminates. In each joint tested, the mechanism of crack 
propagation in the first four plies is accounted for by examining the resultant failure surfaces. 
The authors summarise with the following key conclusions (Purimpat et al. 2013). 
• When the laminate stiffness properties are maintained constant, strength 
variations of more than 30% are with respect to the orientation of the surface 
ply. 
• Delamination behaviour appears to be influenced by the out-of-plane position 
of 0° ply laminate near the adhesive layer. Hence the authors note that the 
position of this ply with respect to the adhesive layer has a meaningful impact 
on joint strength when considering quasi-isotropic/quasi-homogeneous 
stacking sequences.  
• In the case of the [0/45/90/—45]3s sequence, a 0° layer on each side of the 
laminate results in increased bending stiffness and thus improved joint 
strength. It is therefore important to separate these interactions in order to draw 
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a correct interpretation of the influence of the stacking sequence on the failure 
process  
2.8.5. Effect of Adhesive Properties 
There are several factors that need to be considered when selecting an adhesive for 
composite joint bonding beyond the typical mechanical characteristics. One must consider the 
interaction between the substrate and the adhesive to fully appreciate the potential 
performance of their bonded joint. While several authors investigated joints subject to varying 
adhesives, they are often very similar in mechanical characteristics, thus limiting any 
meaningful comparison. The work cited below has made a unique comparison with various 
structural adhesives, and thus their evaluation presents an interesting insight into the effect of 
adhesive properties on joint performance. 
Floros et al. (2015) experimentally analysed the response of composite bonded joints 
under mode-I (double cantilever beam, DCB), mode-II (end-notch flexure, ENF) and mixed-
mode (combination of DCB and ENF) loading (I and II). The authors kept the substrates 
constant (16-ply, quasi-isotropic layup with 0° surface plies) while introducing two types of 
adhesives. The first, an epoxy film adhesive of high curing temperature (130 °C) with an 
average thickness of 0.15 mm (Hysol EA 9695 0.05 PSF K). The adhesive was cured in an 
autoclave cycle with a pressure of 4.5 bar and a temperature of 130 °C for 2 hours. The second, 
a mixture of two paste adhesive systems (80% Loctite EA 9395 and 20% Loctite EA 9396). This 
mixture was chosen as it provides an optimum viscosity for the given application. The two 
adhesives were combined in a centrifugal mixer to obtain a pore-free and homogenous 
adhesive. Bond thickness was controlled using metallic inserts, which maintained a constant 
thickness of 0.3 mm. These inserts were later machined off the specimen after curing. Curing 
of the mixed adhesive consisted of applying 3 bar of pressure alongside maintaining 100 °C 
temperature for 2 hours. The authors appear to have not accounted for the effect of secondary 
curing of the composite substrates. In addition to changing the physical properties of the mixed 
adhesive, it is safe to assume that the mechanical properties have also been altered (although 
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no test data was provided). Table 2-4 presents the lap-shear performance of each adhesive as 
stated by the manufacturer (Floros et al. 2015).  
Table 2-4: Tensile lap-shear strength of EA 9695, EA 9395 and EA 9396  
 Test Temperature (°C) Tensile Lap-Shear Strength (MPa) 
EA 9695 Film Adhesive1 25 31.7 
121 30.3 
149 20.0 
EA 9395 Epoxy Paste2 25 29.7 
82 24.1 
121 20.7 
149 15.2 
EA 9396 Epoxy Paste3 25 27.6 
82 22.8 
149 12.4 
1(Loctite 2013c); 2(Loctite 2013a); 3(Loctite 2013b) 
The authors do not disclose mechanical test data for the mixed adhesive, so it is difficult 
to truly understand the correlation between adhesive properties and joint performance. Table 
2-5 presents the average G values for both adhesive types in each test. 
Table 2-5: Average G values for each adhesive type (Floros et al. 2015) 
 Average G Values (J/m2) 
Specimen Mode-
I 
Mode-
II 
Mixed-Mode 
(GIII/G = 0.2) 
Mixed-Mode 
(GIII/G = 0.6) 
Mixed-Mode 
(GIII/G = 0.85) 
EA 9695 1018.52 783.41 935.78 1606.8 3447.14 
Mixed 
Adhesive 
330.10 491.44 431.63 965.15 1654.88 
 
The authors were able to conclude with the following key findings. 
• All specimens were observed to fail cohesively under mode-I loading. Under 
mode-II loading, specimens using EA 9395/EA 9396 experienced cohesive 
failure, whereas the joints using EA 9695 adhesive experienced multiple failure 
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mechanisms including adhesive failure and delamination. All specimens under 
mixed-mode loading experienced fibre-tear at failure.  
• Under mode-I/mode-II loading conditions, the film adhesive presented stable 
crack growth, whereas unstable crack growth was present for the paste 
adhesive. Cohesive failure was prominent for both adhesive types. 
• For mixed-mode conditions, both joints presented linear load-displacement 
behaviour until sudden crack propagation. Unlike the previous load cases, fibre 
failure was also observed. 
2.8.6. Summary of Experimental Techniques 
The works investigated in this section have highlighted various experimental 
techniques which can be employed to analyse composite bonded joints. Fundamentally, 
researchers focus on four key areas: surface preparation; joint geometry; stacking sequence and 
material properties. Each have a significant impact on the real-world performance of 
composite bonded joints. From the works cited above, the following key conclusions have been 
reached. 
• Substrate surfaces are the primary region of contact and therefore play a 
significant role in the quality of bonded joints. Pre-treatments alter the surface 
properties of substrates prior to adhesion to ensure maximum bond strength. 
Plasma treatments offer a novel alternative to mechanical abrading 
pretreatment where performance gains are significant. The primary issue of 
plasma treatment is the initial cost of implementing the system and the time 
required to treat large surfaces (which can greatly hinder production).  
• The ultimate failure load and lap-shear strength are not directly proportional to 
the thickness of the adherend. While strength does increase, diminishing 
returns are achieved as adherend thickness increases. 
• Increasing the overlap length does lead to an increase in joint strength, however, 
the efficiency of the joint (how the load is spread across the bond area) reduces 
exponentially.  
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• Researchers conclusively note the importance of surface ply orientation and 
stacking sequence given the significant impact on damage initiation and 
subsequent evolution. 
2.9. Concluding Remarks 
A growing demand for reduced-mass and high-performance spacecraft structures has 
led to the increased use of composite bonded structural components. However, the analysis 
techniques used in industry greatly under-predict joint strength leading to poorly mass-
optimised structures. The literature reviewed attempts to identify current shortcomings in 
state-of-the-art composite bonded joint analysis. A trend in recent literature has been to 
accurately model failure for a given joint configuration using various complex FE techniques, 
which is then verified by mechanical testing. However, in the context of industrial application, 
complex FE techniques with the addition of mechanical testing is a vastly expensive procedure. 
Instead, there is a need for a more global solution which makes use of simpler FE procedures.  
• Novel joint configurations have been explored in an attempt to improve joint 
performance over traditional design. Several authors have provided design 
guidelines which can be implemented, however, in industrial applications, the 
inherent manufacturing limitation and lack of heritage data prevents such 
practices being adopted. 
• In the continuum mechanics approach, Tsai-Wu appears to be the most 
common criterion used by researchers for a composite adherend, alongside 
either a maximum stress or strain criteria for the adhesive. Authors note the 
computational benefits of avoiding progressive damage modelling techniques, 
however, such methods are necessary to completely understand the 
progression of damage (Gul Apalak et al. 2007). 
• The development of closed-form solutions since Volkersen ‘shear-lag’ model 
have focused primarily on two-dimensional flat-lap adherend joints. These 
analyses often use linear-elastic material models and assume a state of plane 
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stress or plane strain in the through-thickness direction. While several models 
attempt to account for non-linear material behaviour, the underlying 
formulations become very complex, at which point numerical solutions are 
needed. An analytical solution can be selected based on the mechanical 
response of the joint. If joint bending is not severe and a brittle adhesive is used, 
Volkersen’s analysis is sufficient. However, if yielding of the adhesive and 
adherend is present, in addition to significant peel stresses, a far more complex 
model is required. In the case of laminated composite adherends, a far less 
complex solution is to employ a linear-elastic closed form analysis in 
conjunction LPT, where the composite adherends are assumed to be a single 
orthotropic material. Bigwood and Crocombe’s analytical solution for both SLJs 
and DLJs in conjunction with LPT provides a suitable compromise in terms of 
accuracy and computational performance.  
• The analysis of bonded joints is a mature field contributed to by many 
researchers. In recent years, the focus has been on complex damage models 
using primarily the finite element method. Due to the increased use of 
laminated composite adherends, complex damage models are required to 
accurately determine the initiation and progression of failure. Most authors 
better predict joint failure using damage models compared to traditional failure 
criteria. Nonetheless, researchers have some success in tailoring their criteria 
for a given set of joint configurations. Unfortunately, researchers tend not to 
investigate multiple joint configurations where different adherend architecture, 
adhesive materials and adhesive thickness are covered (Li et al. 2015; Banea et 
al. 2016; Liao et al. 2013). 
• Authors tend to focus on the effect of fillet geometry, adherend geometry and 
adhesive thickness. In reality, manufacturing limitations in industry limit the 
geometrical quality of the adhesive fillet and thickness. A noticeable lack of 
research studying the effect of altering layups and surface plies on failure 
modes is apparent. In addition, the majority of authors elect to use single 
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composite materials, instead of studying the effect of varying the substrates 
mechanical properties.  
The literature reviewed here has identified two key areas that require further research.  
a) Detailed modelling of failure modes without the use of complex and 
computationally expensive damage mechanics. 
b) Experimental analysis of composite bonded joints focusing on the effects of 
variation in adherend and adhesive material, bondline thickness, adherend 
stacking sequence and surface ply orientation.  
Following the outcomes of the literature review, the following methodology has been 
identified and will be used to develop design rules which can be applied to structural 
composite bonded joints (see Figure 2-32).  
 
Figure 2-32: Methodology used for developing critical parameters 
Validation: Validate the Critical Parameter Method against a unique set of joints to identify the 
robustness of the methodology.
Critical Parameter Method: Consolidate the stress values to develop a failure criterion which can 
be used to better assess joint performance compared to traditional FE techniques.
Develop Matching FE Model: Develop detailed matching FE models where stresses at the site of 
failure can be extracted. These stresses will provide an insight as to the stress state of the joint at 
failure.
Analyse Failure Modes: Extensively analyse failure modes, identifying the link between joint 
properties, failure modes and joint strength.
Manufacture and Testing: Manufacture the bonded composite joints to ASTM specifications where 
possible as it provides the opportunity to compare tests results to other researchers operating under 
the same design boundaries. Test specimens to ASTM standards. Record appropriate test data 
including joint strength, stiffness and failure modes. 
Joint Identification: With current requirements in mind, identify joints which provide the widest 
spectrum in peel-shear interaction.
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3. Experimental Study of Composite Bonded Joints 
3.1. Introduction 
This chapter discusses the various processes taken to develop a comprehensive 
experimental test programme used to identify the performance of composite bonded joints. 
The test programme is divided into two test phases, which focus on varying the peel-shear 
interaction in the bondline. The resultant joint strengths are analysed alongside their respective 
failure surfaces. In this study, laminated CFRP bonded DLJ and flat-wise tensile joints (FWT) 
of varying adherend material, adherend layup, adhesive material and adhesive thickness were 
investigated. 
3.2. Material Selection 
Two common aerospace CFRP prepregs were used. The first consisted of an epoxy 
resin matrix system (MTM44-1) and intermediate modulus fibres (IMS65). The resulting 
laminate offers good strength and stiffness characteristics with a high level of damage 
tolerance, hence it is widely used in structural applications. The second prepreg used was a 
cyanate ester resin system (HTM143) with high-modulus fibres (M55J), resulting in a material 
with high stiffness and low moisture uptake. The high-stiffness characteristic was specifically 
designed for components that require dimensional stability, such as optics. Table 3-1 
summarises the mechanical properties of each fibre and matrix type. 
Table 3-1: Mechanical properties MTM44-1 IMS65 and HTM143 M55J carbon fibres 
Fibre Tensile Fibre 
Modulus (GPa) 
Tensile Fibre 
Strength (MPa) 
Mode I Fracture 
Toughness (J/m2) 
MTM44-1, IMS65 2901 60001 4804 
HTM143, M55J 5402 40202 2003 
1(Tenjin 2010); 2(Torayca 2002); 3(Li et al. 2016); 4(Ma et al. 2013) 
Variants of a 16-ply quasi-isotropic (QI) baseline layup were chosen for the final test 
programme following early trials with 8-ply and 32-ply substrates, both of which were deemed 
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unsuitable due to manufacturing, design or testing limitations. A composite panel consisting 
of 16 plies could be manufactured in a reasonable timeframe whilst still being representative 
of SSTLs design protocols. Woven surfaces added to the baseline QI configuration consist of 
the same fibre and resin system (MTM44-1, IMS65 – low-modulus substrate and HTM143, 
M55J – high-modulus substrate). All woven surfaces are in the form of a 2x2T prepreg and 
laminated in the same procedure as the UD plies. From herein, the low-modulus (MTM44-1 
IMS65 24k UD 134 gsm 32%WR) and high-modulus (HTM143 M55J 6k UD 125 gsm 32%WR) 
composite materials will be referred to as MTM44-1 and HTM143 respectively. 
Structural adhesives are available in many forms including epoxies, cyanoacrylates, 
acrylics, silicones and polyurethanes. Two epoxy-based adhesives with distinctly different 
mechanical properties were chosen for this study (EA 9394 - high-modulus adhesive; 3M 9323 
- low-modulus adhesive). Epoxy adhesives are commonly used to bond composites due to 
relatively good adhesion between the resin matrix and adhesive. In addition, two-part epoxies 
can be cured at room temperature, thus preventing secondary curing of the adherend matrix 
system. An adhesive thickness of 0.25 mm was chosen as the baseline for the majority of test 
specimens. From the literature reviewed in the previous chapter, researchers identified greater 
mechanical performance for bondline thicknesses between 0.15 and 0.25. Specimens with 
increased bondline thicknesses were also analysed to understand their effect on performance. 
Table 3-2 summarises the mechanical properties of the two chosen epoxy adhesives. 
Table 3-2: Mechanical properties of Hysol EA9394 and 3M 9323 at room temperature 
Adhesive Tensile Modulus 
(MPa) 
Tensile Strength 
(MPa) 
Poisson’s Ratio 
Hysol EA9394 42371 461 0.372 
3M 9323 8863 593 0.353 
1(Henkel 2007); 2(Guess et al. 1995); 3(3M 2012) 
Hysol EA9394 offers excellent mechanical properties at elevated temperatures. In 
addition, high viscosity allows for good gap filling. Conversely, 3M 9323 is considered a 
structural repair adhesive with good environmental durability and low viscosity. Figure 3-1 
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describes the temperature dependant shear strength performance for both adhesives 
conducted to ASTM D1002 standard. The adherends used were 2024-T3 aluminium treated 
using phosphoric acid as per ASTM D3933. Bond thickness was controlled through the 
addition of 1% wt. glass beads (90 – 150 μm diameter). Both adhesives were cured at room 
temperature. 
 
Figure 3-1: Shear strength performance comparison for Hysol EA9394 and 3M 9323 structural adhesives (3M 
2012; Henkel 2007) 
3M 9323 offers good shear performance at room temperature, however, strength 
appears to deteriorate significantly at elevated temperatures. Hysol EA9394 demonstrates 
adequate performance at room temperature whilst exhibiting a relatively smaller reduction in 
strength at elevated temperatures compared to 3M 9323.  
3.3. Double-Lap Joint Test Programme 
3.3.1. Test Matrix 
Table 3-3 presents the DLJ test matrix. Test 1 to 3 and 4 to 6 will identify the effect of 
stacking sequence on the low-modulus (MTM 44-1, IMS 65) and high-modulus (HTM 143, 
M55J) adherends using the high-modulus adhesive (EA 9394) respectively. Test 7 investigates 
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the effect of the alternative (low-modulus) 3M 9323 adhesive, whilst maintaining the same 
parameters as Test 3 (baseline configuration). Test 8 examines the effect of increasing the 
adhesive thickness from 0.25 mm to 0.40 mm on the baseline configuration.  
Table 3-3: DLJ test programme 
 Substrate Adhesive 
Config Layup Material Thickness 
(mm) 
Material Thickness 
(mm) 
Test 1 [0/45/90/45/-
45/0/45/90]s 
Low modulus quasi-isotropic 
with surface ply orientated in 
the 0° direction 
2.05 EA 9394 0.25 
Test 2 [90/45/0/45/-
45/90/-45/0]s 
Low modulus quasi-isotropic 
with surface ply orientated in 
the 90° direction 
2.05 EA 9394 0.25 
Test 3 [W/0/45/90/45/
-45/0/-45/90]s 
Low modulus quasi-isotropic 
with 0/90° woven surface ply 
2.46 EA 9394 0.25 
Test 4 [0/45/90/45/-
45/0/45/90]s 
High modulus quasi-isotropic 
with surface ply orientated in 
the 0° direction 
1.84 EA 9394 0.25 
Test 5 [90/45/0/45/-
45/90/-45/0]s 
High modulus quasi-isotropic 
with surface ply orientated in 
the 90° direction 
1.84 EA 9394 0.25 
Test 6 [W/0/45/90/45/
-45/0/-45/90]s 
High modulus quasi-isotropic 
with 0/90° woven surface ply 
2.26 EA 9394 0.25 
Test 7 [W/0/45/90/45/
-45/0/-45/90]s 
Low modulus quasi-isotropic 
with 0/90° woven surface ply 
2.46 3M 9323 0.25 
Test 8 [W/90/45/0/45/
-45/90/-45/0]s 
Low modulus quasi-isotropic 
with 0/90° woven surface ply 
2.46 EA 9394 0.40 
Where ‘W’ refers to the woven surface ply in the composite layup, orientated in the 
0/90 direction. In satellite structures, load paths in DLJs are purposely restricted to the axial 
direction, hence a woven surface ply in the 0/90 direction provides maximum strength and 
stiffness characteristics in the axial direction, whilst still maintaining good off-axis 
performance (compared to a 0 surface ply). Each test was repeated five times. 
3.3.2. Specimen Design 
Each DLJ specimen was designed to ASTM D3528-96 Type A specifications (ASTM 
International 2008). The substrate thicknesses are defined by the number of plies in the stacking 
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sequence. All other dimensions are controlled and constant (except for adhesive thickness) for 
each specimen (see Figure 3-2).  
 
Figure 3-2: Dimensions of the manufactured DLJ according to ASTM specifications 
Manufacturing was conducted to ASTM and SSTL standards to ensure uniformity 
across each specimen. Appendix A contains further details regarding the manufacturing 
process (including adherend manufacturing, surface preparation and bonding). 
3.3.3. Test Setup 
This study was conducted at the University of Surrey mechanical testing facility. The 
initial experimental setup consisted of an INSTRON 6025 5500R test machine, with mechanical 
wedge-action grips and a 100 kN load cell. The load cell was selected based on anticipated 
failure loads. Typically, researchers were able to achieve an ultimate tensile load between 10 – 
20 kN for bonded DLJs with CFRP adherends (Comer et al. 2013; R. L. Kumar et al. 2013). A 
fixed loading rate of 1 mm/min was applied to all test specimens. The test equipment is capable 
of outputting time, displacement and load. Given the expected stiffness of the specimens (and 
the issues associated with system compliance), an extensometer with gauge length and 
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resolution of 75 mm and 0.00075 mm respectively was used to accurately determine extension 
across the overlap region. Both the load cell and extensometer were calibrated prior to use. 
3.3.4. Results and Discussion 
Figure 3-3 presents the mean of five experimentally determined failure loads with 
corresponding minimum and maximum values. Additional test data for each joint 
configuration can be found in Appendix B. 
 
Figure 3-3: Experimentally determined DLJ failure loads with minimum and maximum scatter 
From the data gathered, initial trends can be identified, prior to investigation of the 
failure surfaces.  
• Joint configurations using the high-modulus substrate (Test 4 to 6) have 
significantly lower strength compared to all other configurations using the low-
modulus substrate, regardless of layup, adhesive or adhesive thickness.  
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• A large increase in failure load is observed in Test 7 using the low-modulus 
adhesive (3M 9323) compared to an equivalent joint configuration using a high-
modulus adhesive (Test 3). 
• In Test 1, where the surface fibres are orientated in the loading direction (0), 
performance increases compared to a similar joint configuration with a woven 
surface ply (Test 3). 
In all specimens tested, no apparent non-linear behaviour was observed (see Appendix 
B). Figure 3-4 presents the load-displacement plot for Test 7, illustrating the lack of non-linear 
behaviour. Stiffness checks for each specimen were conducted using extensometer and load 
cell data to ensure sensible results were being obtained. 
 
Figure 3-4: Load-displacement curve for Test 7 
In the case of Test 2, where the surface fibres are orientated perpendicular to the loading 
direction (90°), a reduction in joint strength is observed compared to a similar joint 
configuration with 0° surface fibres (Test 1). Damage appears to propagate through the surface 
ply into the 45° ply below (see Figure 3-5). 
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Figure 3-5: Failure surfaces of Test 2 
Much of the damage can be considered matrix cracking, which is observed as the 
separation of fibres from the matrix in both the surface 90° ply and the subsequent 45° ply. As 
the surface fibres are orientated in the 90° direction, loading is primarily carried by the 
inherently weak matrix, consequently, failure initiates in the form of matrix cracking. Although 
matrix cracking can be considered the initial failure mode, it does not define the critical failure 
mode, which determines joint strength. A crack in the surface ply may promote delamination 
between the 90° and 45° plies and intraply failures within the 45o ply, as seen in Figure 3-5. The 
effect and progression of these failure modes are not yet known. 
Test 1 exhibited signs of minor cohesive failure, alongside what appears to be 
predominantly interfacial and surface intraply failures (see Figure 3-6). As expected, the 
strength of the joint is greater compared to Test 2, as the highest strained ply is now aligned 
with the load and not perpendicular to it. 
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of surface ply 
Delamination 
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Figure 3-6: Failure surfaces of Test 1 
The crack appeared to initiate at the interface between the centre substrate and 
adhesive, then progressed through the bondline to the outer substrate, which is observed as 
small regions of cohesive failure. After visually inspecting the surface, a significant amount of 
fibre transfer is apparent, which may be considered as surface intraply failure. However, upon 
observing a cross-section of the failure surfaces using reflected light microscopy (RLM), only 
light-fibre transfer was apparent (see Figure 3-7). These accumulations of fibres are 
approximately 20 m in thickness, below what might be typically considered intraply failure. 
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Figure 3-7: Failure surface of the outer substrate of Test 1, demonstrating light fibre transfer: (a) 7x 
magnification and (b) 35x magnification 
Test 3 (woven surface ply) presented a mixture of minor cohesive and major interfacial 
failures (see Figure 3-8). Joint strength has reduced compared to an equivalent joint 
configuration with a 0 surface ply (Test 1), despite the addition of a woven ply resulting in a 
stiffer substrate. Woven surface plies orientated in the 0/90 direction are particularly 
susceptible to light-fibre transfer which promotes an interfacial failure mechanism. The 90 ply 
below the woven surface ply in Test 8 further contributes to the poor joint strength as the 
laminate flexural stiffness is reduced compared to Test 3. Unlike Test 3, the failure mode of 
Test 8 is entirely interfacial, which may also explain the reduced joint strength, as interfacial 
failure is characteristically a less desirable failure mode compared to a cohesive failure.  
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Figure 3-8: Failure surfaces of Test 3 
Test 7 presented cohesive failure throughout (see Figure 3-9). Unlike the failure 
surfaces in Test 3, the lower stiffness adhesive in Test 7 does not exhibit interfacial failure. This 
is due to the increased compliance of the adhesive, thus reducing peak stresses. As the failure 
is entirely cohesive, and 3M 9323 is known to have a higher tensile strength compared to EA 
9394, Test 7 exhibits the highest strength of all joints tested. 
 
Figure 3-9: Failure surfaces of Test 7 
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The high-modulus substrates of Test 4, 5 and 6 all exhibit far lower strengths compared 
to their low-modulus counterparts. The reason is probably due to the low fracture toughness 
of the cyanate ester HTM143 resin system. This is identified in the subsequent failure surfaces, 
all of which present significant fibre and resin transfer (see Figure 3-10). 
 
Figure 3-10: Failure surfaces of Test 6 
To verify the transfer of fibre and resin, a cross-section of the substrate was examined 
using RLM. In Test 6 evidence of the woven surface ply was present on both the centre and 
outer substrates. Figure 3-11 and Figure 3-12 illustrate two regions of the woven surface ply 
(presenting fibre failure) on the outer substrates. 
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Figure 3-11: Evidence of fibre failure in the loading direction for Test 6: (a) 1.5x magnification and (b) 3.5x 
magnification 
 
Figure 3-12: Evidence of fibre failure in the transverse direction for Test 6 
Figure 3-11 and Figure 3-12 are typical of what is observed along the interface of the 
outer substrates. A clear indication of fibre failure is present in both the transverse and loading 
direction fibres of the 2x2T woven surface. Given the low fracture toughness of the cyanate 
ester resin system, a combination of through-thickness peel and in-plane shear stresses may be 
sufficient to cause the initiation and propagation of an intralaminar crack. This intralaminar 
crack can displace fibres in the transverse direction (see Figure 3-12), resulting in a transfer of 
fibres from one failure surface to another. Fibre failure for fibres in the loading direction is 
unlikely as fibre strength is known to be considerably higher than local stresses in this region, 
Transverse direction fibres (90) 
Loading direction fibres (0) 
(a) (b) 
200 m 100 m 
200 m 
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but such a failure is highly localised. Across the entire failure surface, loading direction fibres 
appeared to fail in the same manner. A thin layer of fibres at the surface of the weave, in contact 
with the bonded interface have clearly been separated from the woven ply. 
The thin layer of fibre separation is associated with the poor fracture toughness of the 
resin system. Figure 3-13 illustrates the corresponding failure surface of the centre substrate.  
  
  
Figure 3-13: Failure surface of the centre substrate in Test 6 demonstrating fibre transfer: (a) 7x 
magnification and (b) 35x magnification 
It is apparent that a thin film of fibres orientated transverse to the loading direction 
have transferred to the opposite failure surface. This suggests that joint strength is not 
dominated by the bulk strength of the woven surface ply, rather the strength of the resin 
system. This is reflected in the test results where the low-modulus epoxy composite resin 
systems failed at greater strengths than their high-modulus cyanate ester counterparts.  
3.3.5. Summary 
Table 3-4 summarises the observed failure modes and their corresponding failure loads 
for each joint. The relative presence of each failure mode is characterised by the observed 
surface area affected. A clear trend of increased joint strength is apparent amongst joints which 
exhibit cohesive failure. Delamination and intraply failures exhibit the lowest joint strengths. 
Hence, the results suggest that even in the presence of minor cohesive failure, a significant rise 
Adhesive 
   (b) 
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in joint strength is achieved. Increasing the adhesive thickness results in an entirely interfacial 
failure, although this may be due to reduced laminate flexural stiffness that occurs with the 
90 ply immediately under the woven surface ply in this configuration. The use of a high-
stiffness, low fracture toughness substrate significantly reduces joint strength as failure 
migrates into the substrates in the form of intraply failures.  
Table 3-4: Summary of observed failure modes and failure loads in DLJ 
 Cohesive Intraply Delamination Interfacial Failure Load (kN) 
Test 1 20% - - 80% 17.2 
Test 2 - - 90% 10% 7.96 
Test 3 20% - - 80% 10.2 
Test 4 - 70% - 30% 4.09 
Test 5 - - 100% - 5.57 
Test 6 - 70% - 30% 6.88 
Test 7 100% - - - 20.6 
Test 8 - - - 100% 10.1 
 
3.4. Flat-Wise Tensile Test 
3.4.1. Test Matrix 
The FWT test programme serves to capture the effects of a peel dominated loading in 
the bondline of composite bonded joints. Unlike the DLJ test programme, the substrates are 
kept constant for every configuration. A woven 45 surface ply is used in these tests, however, 
the orientation of the surface ply is not critical to joint performance given the loading direction. 
Table 3-5 summarises the FWT test matrix (Tests 9 to 17 are discussed in a later chapter). Test 
18 can be considered the baseline FWT joint, using the high-modulus adhesive at a 0.25 mm 
bondline thickness. Test 19 also uses the high-modulus adhesive with a thicker bondline (0.40 
mm). Test 20 introduces the low-modulus adhesive at 0.25 mm bondline thickness.  
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Table 3-5: FWT joint test programme 
 Substrate Adhesive 
Config Layup Material Thickness 
(mm) 
Material Thickness 
(mm) 
Test 18 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 EA 9394 0.25 
Test 19 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 EA 9394 0.4 
Test 20 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 3M 9323 0.25 
Where ‘W’ refers to the woven 45 surface ply. Each test was repeated five times. 
3.4.2. Specimen Design 
With the previous composite bonded DLJ design, ASTM standards were used as a point 
of reference. However, in the case of the FWT joints, ASTM does not provide design, 
manufacturing or testing guidelines. Consequently, the FWT joints were developed using the 
expertise gained from the previous test programme.  
The FWT joint consisted of two CFRP panels of layup described in Table 3-5. The 
adhesive layer was controlled using a custom-made PTFE spacer which was embedded 
between the two substrates. Inlet and outlet holes were drilled into the substrate to allow the 
adhesive to be injected into the cavity. The adhesive flooded the cavity and was allowed to 
flow out of the outlet hole to create a void-free circular bond-pad. Unlike the use of bond-wire, 
the PTFE spacer could remain within the FWT specimen as it does not interfere with the bond 
strength of the joint. Figure 3-14 illustrates the specimen design.  
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Figure 3-14: FWT specimen design 
A custom piece of aluminium tooling was manufactured that acted as an interface 
between the test specimen and the test machine (see Figure 3-15).  
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Figure 3-15: FWT tooling: (a) tooling overview and (b) tooling geometric features 
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The tooling consisted of a machined aluminium block which was bonded to the FWT 
specimen. A threaded M6 bolt was screwed into the aluminium block and then attached to the 
test machine using specialised interlocking grips. Careful alignment was achieved by 
geometrically constraining the specimen within the aluminium block. The thickness of the 
adhesive (used to bond the specimen to the tooling) was controlled using features within the 
aluminium block itself. The greater bond area between the specimen and the tooling ensured 
failure would only occur within the specimen. Figure 3-17 illustrates the assembly of the FWT 
specimen and tooling. 
 
 
Figure 3-16: FWT specimen and tooling assembly: (a) overview and (b) detailed view 
(a)                                                            (b) 
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3.4.3. Test Setup 
As with the DLJ test procedure, an INSTRON 6025 5500R test machine was used with 
mechanical interlocking grips, which prevents the specimens experiencing tensile forces when 
being handled. A 10 kN load cell was also used given the low expected joint strength. The grips 
were attached to the custom tooling which bonded to the specimen itself. A fixed loading rate 
of 1 mm/min was applied to all test specimens. Unlike the previous test programmes, an 
extensometer was not used due to physical constraints. The load cell was calibrated prior to 
testing.  
3.4.4. Results and Discussion 
Figure 3-17 presents the mean experimentally determined failure loads with 
corresponding minimum and maximum values. Additional test data can be found in 
Appendix D.  
 
Figure 3-17: Experimentally determined FWT failure loads with minimum and maximum scatter 
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Increasing the bond thickness to 0.40 mm (Test 19) reduces joint strength compared to 
a similar configuration (Test 18) with 0.25 mm bond thickness. Greater joint strength is 
observed in configurations with the low-modulus adhesive. These global trends were also 
noted in the DLJ test phase. 
A key outcome of the DLJ test programme is the correlation between increased joint 
performance and regions of cohesive failure. Figure 3-18 illustrates the failure surface of Test 
20, where cohesive failure was observed throughout. A very similar failure pattern can be 
observed in DLJ specimens using the same adhesive. 
 
Figure 3-18: Failure surface for Test 20 presenting entirely cohesive failure 
In the case of Test 18 and 19 which present lower strength, regions of interfacial failure 
can be observed (see Figure 3-19 and Figure 3-20).  
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Figure 3-19: Failure surface for Test 18 presenting minor regions of interfacial failure 
Test 18 presents only minor regions of interfacial failure, whereas interfacial failure is 
more prominent in Test 19. Light-fibre transfer is also apparent in Test 19, which correlates to 
the observed failure surfaces of Test 8 (increased adhesive thickness DLJ).  
  
Figure 3-20: Failure surface for Test 19 presenting both cohesive and interfacial failures 
Joint strengths in general are noticeably lower compared to DLJ strengths. While this 
is a function of the overall bond area, which is significantly lower in the FWT specimens, it is 
also clear that peel stresses are more detrimental to joint strength when failure is localised 
within the adhesive or interface.  
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3.4.5. Summary 
Table 3-6 summarises the observed failure modes and their corresponding failure 
loads. As with the DLJs, a clear trend of increased joint strength is apparent amongst joints 
which exhibit cohesive failure. The effect of the woven surface promoting interfacial failure 
does not occur in FWT specimens given the loading orientation. Increasing the adhesive 
thickness results in predominantly interfacial failure. The low-modulus adhesive presents 
entirely cohesive failure. 
Table 3-6: Summary of observed failure modes in FWT 
 Cohesive Intraply Delamination Interfacial Failure Load (kN) 
Test 18 65% - - 35% 1.19 
Test 19 5% - - 95% 1.05 
Test 20 100% - - - 1.54 
 
3.5. Concluding Remarks 
The experimental research presented in this chapter attempted to capture the effects of 
varying joint parameters on performance. In addition, introducing multiple joint designs 
allowed for variation in the peel-shear stress distribution within the adhesive, which is 
believed to have a significant influence on observed failure modes. Table 3-7 summarises the 
observed failure modes and failure loads for every joint configuration tested. 
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Table 3-7: Summary of observed failure modes in all joints tested 
 Cohesive Intraply Delamination Interfacial Failure Load (kN) 
Test 1 20% - - 80% 13.1 
Test 2 - - 90% 10% 7.96 
Test 3 20% - - 80% 10.2 
Test 4 - 70% - 30% 4.09 
Test 5 - - 100% - 5.57 
Test 6 - 70% - 30% 6.88 
Test 7 100% - - - 20.6 
Test 8 - - - 100% 7.05 
Test 18 65% - - 35% 1.19 
Test 19 5% - - 95% 1.05 
Test 20 100% - - - 1.54 
The following are the key outcomes from the work presented: 
• Joints which exhibit any signs of cohesive failure present increased joint 
strength compared to interfacial, intraply and delamination failures. This leads 
to the conclusion that in the progression of failure, the strongest failure modes 
will determine joint strength. Furthermore, joint strength is related to the 
apparent surface area of a given failure mode. 
• The addition of a 0/90 woven surface ply in low-modulus substrates reduces 
joint strength compared to an equivalent configuration with a UD surface ply 
with fibres orientated in the loading direction. This is due to light-fibre transfer 
promoting interfacial failure prematurely.  
• The addition of a 90 ply below the surface woven ply has a detrimental effect 
on joint strength compared to an equivalent joint configuration with a 0 ply 
below the surface. 
• The 45 plies below a 90 surface ply serve to reinforce and increase the surface 
plies resistance to matrix cracking. 
• Fracture toughness of the matrix system plays a significant role in joint strength. 
The high-modulus adherends, which use a low fracture toughness cyanate ester 
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resin system, perform poorly compared to their epoxy resin matrix system 
counterparts. Failure is observed to migrate towards the substrate in the form 
of intraply failures, whereas in the low-modulus substrate configurations, 
failure remains within the adhesive or adhesive-adherend interface.  
• Increasing the bond thickness to 0.4 mm in any joint reduces strength compared 
to equivalent joints with 0.25 mm bond thickness. Using the more ductile 
adhesive (3M 9323) increases joint strength in all configurations compared to 
the high-stiffness adhesive (EA9394). 
• Intraply failure (matrix cracking) is significant in joint configurations with a 90 
surface ply. Minimum joint performance was associated with combined 
intraply/interfacial failure. 
• The maximum joint performance was associated with specimens exhibiting 
cohesive failure. The presence of minor cohesive failure seems to be linked with 
an improved joint performance, suggesting cohesive failure in the adhesive is 
the optimal failure mode which defines joint strength. 
• A low-modulus surface woven ply will ensure failure remains within the 
bondline, thus greatly reducing the complexity of the analysis. This rule 
remains true regardless of the adhesive stiffness or thickness.  
• Advanced techniques such as digital image correlation (DIC) were also 
investigated as a part of the DLJ experimental testing phase. DIC was used to 
provide further experimental data which would be useful for validation 
purposes at a later stage. However, the results were deemed unsatisfactory and 
not continued further as a part of this research project (see Appendix G). 
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4. Materials and Modelling Techniques 
4.1. Introduction 
This chapter discusses the various steps taken to develop appropriate FE models. These 
models are used to quantitatively analyse composite bonded joint behaviour in conjunction 
with existing experimental data. This chapter will begin with an overview of SSTL’s current 
composite bonded joint design methodology, followed by the identification and validation of 
relevant material properties and boundary conditions applicable to this study.  
4.2. Overview 
SSTL’s current composite bonded joint analysis techniques are tailored to their need for 
rapid computation of satellite structures. As such, several simplifications are implemented to 
reduce analysis time. The adherends are modelled using two-dimensional shell elements 
(PSHELL or PCOMP). The PSHELL property within NASTRAN defines the membrane, 
bending, transverse shear and coupling properties of the shell elements. A linear-elastic 
orthotropic material property (MAT8) is then applied to the PSHELL element. The orthotropic 
composite material properties are calculated from LPT using known ply data. Layered 
composites can be built using the PCOMP property. Nastran supports several composite 
failure theories, including Hill, Hoffman, Tsai-Wu and Maximum Strain. The adhesive is 
modelled as a three-dimensional solid using 8-noded brick elements, consisting of linear-
elastic isotropic material properties (see Figure 4-1). 
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Figure 4-1: Example cleat joint modelled using SSTL baseline analysis procedure 
Multi-point constraints (MPC), such as RBE2 elements (see Figure 4-2) are used to link 
the shell and solid elements. RBE2 defines a rigid body with independent degrees-of-freedom 
(DoF) at a single grid point with dependant DoF specified at an arbitrary number of points. 
 
Figure 4-2: Transparent bonded joint section taken from FEM showing the use of multi-point 
constraints 
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Using this simplified modelling methodology over a more complex model significantly 
reduces computation time and allows for global analysis of composite structures. The stresses 
and strains in both the bondline and substrate are exported and processed using favoured 
failure criteria. The FE models are typically pre-processed in HyperMesh, solved in 
RADIOSS/NASTRAN/OptiStruct and post-processed in HyperView. 
The results from the test programme proved that a variety of failure modes exist, both 
in the adhesive and adherend. Furthermore, failure modes appear to be particularly sensitive 
to the first ply/interface. Consequently, a more detailed modelling approach of the laminate 
was required instead of the overly simplified approach used by SSTL. 
4.3. Modelling Approach 
Many software packages exist that can be used to model adhesively bonded joints; 
ABAQUS was used throughout this research due to its reliability and software support. A brief 
study was conducted comparing the effect of various solvers, including; ABAQUS, 
NASTRAN, RADIOSS and OptiStruct. In simple linear-elastic models, insignificant variation 
was observed between key outputted stresses and strains. The variation between solvers is far 
more apparent when complex modelling techniques are employed.  
Every joint tested experimentally required reciprocal matching FE models developed 
in ABAQUS. The joints are modelled as a single part consisting of multiple sections. These 
sections can be assigned properties and material cards. In every model, regardless of joint 
geometry, the composite adherends are modelled on a ply-by-ply basis, using a single element 
across each ply thickness. UD or woven material properties are applied to each ply. The 
orientation of each ply is then assigned depending on the layup chosen. Figure 4-3 illustrates 
the individual sections used for each ply in a DLJ FE model. Each coloured section in the 
substrate represents a different ply orientation.  
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Figure 4-3: Schematic of individual sections representing each ply and adhesive layer for a DLJ in FEM 
As mentioned previously, 3D linear-elastic analysis was chosen over complex damage 
modelling techniques due to the rapid analysis requirement set by industry. The following 
steps were performed to generate each computational model. 
1. Creation of a three-dimensional single part model in ABAQUS. 
2. Separation of the single part into multiple sections representing each ply and 
the adhesive layer. 
3. Assignment of material properties and ply orientation. 
4. Mesh generation. 
5. Definition of boundary conditions and loads. 
4.4. Material Properties 
4.4.1. Adherend 
The material properties used in these analyses were taken from existing experimental 
data provided by SSTL. Table 4-1 presents the UD and woven ply data for both the high (HTM 
143) and low (MTM 44-1) modulus composite materials. 
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Table 4-1: Woven and UD ply data used in the FE modelling 
 MTM 44-1 
IMS65 UD 
MTM 44-1 
IMS65 Woven 
HTM 143 
M55J UD 
HTM 143 M46J 
Woven 
E1 (MPa) 155520 62690 286420 100610 
E2 (MPa) 9010 9010 5780 5780 
E3 (MPa) 9010 62690 5780 100610 
12 0.287 0.287 0.183 0.183 
13 0.287 0.057 0.183 0.022 
23 0.40 0.287 0.40 0.183 
G12 (MPa) 3710 3570 3730 2443 
G13 (MPa) 3710 4262 3730 2827 
G23 (MPa) 3128 3570 2064 2443 
Xt (MPa) 2162 732 2160 791 
Yt (MPa) 34 732 24 715 
Zt (MPa) 34 - - - 
Xc (MPa) 1205 530 757 404 
Yc (MPa) 195 530 119 398 
Zc (MPa) 195 - - - 
S12 (MPa) 58 110 53 78 
S13 (MPa) 58 87 53 57 
S23 (MPa) 87 87 67 57 
Ply Thickness (mm) 0.128 0.204 0.115 0.211 
Where the ‘2’ direction represents through-thickness ply properties, ‘1’ represents the 
in-plane fibre direction properties and ‘3’ represents the in-plane orthogonal direction 
properties. The following assumptions have been made where experimental data is 
unavailable; 
• The UD through-thickness modulus (E2) is considered to be matrix dominated, 
thus similar to experimentally determined transverse in-plane modulus (E3). 
• Through-thickness modulus (E2) for the woven ply is assumed to be matrix 
dominated. Both UD and woven plies use the same epoxy resin matrix system, 
hence the through-thickness modulus has been considered equal.  
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4.4.2. Adhesive 
Table 4-2 describes the adhesive properties for 3M 9323 and EA 9394 used in the FEM. 
As the material is isotropic and only linear behaviour is explored, tensile modulus and 
Poisson’s ratio are the only key inputs.  
Table 4-2: Mechanical properties of Hysol EA9394 and 3M 9323 at room temperature 
Adhesive Tensile Modulus 
(MPa) 
Tensile Strength 
(MPa) 
Poisson’s Ratio 
Hysol EA9394 42371 461 0.372 
3M 9323 8863 593 0.353 
(Henkel 2007)1 (Guess et al. 1995)2 (3M 2012)3 
4.5.  Verification of Substrate Behaviour 
To verify the ply-by-ply modelling technique used for the laminates, a simple FE model 
consisting of a laminated CFRP substrate [W±45/0/45/90/45/-45/0/-45/90]s was placed under 1% 
axial strain (see Figure 4-4). The results show that axial ply stresses scale depending on the in-
plane stiffness of the ply. Furthermore, ply strains remain constant across the entire laminate 
indicating that each ply is constrained relative to the displacement of the laminate, rather than 
deforming independently (see Figure 4-5). 
 Chapter 4: Materials and Modelling Techniques 
93 
 
 
Figure 4-4: Laminate verification model showing changes in axial stresses depending on ply in-plane stiffness 
 
Figure 4-5: Laminate verification model showing uniform strain throughout the substrate 
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Full agreement was also observed when comparing FE stresses and strains to LPT 
derived values. As such, the laminate model was successfully validated for use in the 
remainder of the composite bonded joint analyses. 
4.6. Loading and Boundary Conditions 
The following sections describe the FE boundary conditions for both the DLJs and FWT 
joints in more detail. The loading and boundary conditions have been carefully considered to 
accurately replicate the state of each joint during testing. The geometry of each joint has already 
been discussed in Chapter 3.  
4.6.1. DLJ Loading and Boundary Conditions 
The following figures describe the various boundary conditions applied to the DLJ FE 
model. The LHS is fixed in the axial direction to oppose the loading force (UX=0, see Figure 4-6 
and Figure 4-7). To allow for Poisson’s contractions, two nodes on the RHS are pinned in the 
through-thickness direction (UY=0, see Figure 4-9) and in the in-plane orthogonal direction 
(UZ=0). The load is applied to the RHS as an equally distributed pressure (see Figure 4-6). As 
a half joint is being modelled, the mid-plane of the centre substrate is assigned symmetry 
conditions (UY=0, see Figure 4-8).  
 
 
Figure 4-6: Boundary conditions used for the DLJ FE model 
Fixed/Pinned 
Y-Symmetry Load/Pinned 
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Figure 4-7: Fixed end of DLJ FE Model 
 
Figure 4-8: Symmetry face of DLJ 
Fixed 
Y-Symmetry Face 
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Figure 4-9: Loading face of DLJ 
4.6.2. FWT Loading and Boundary Conditions 
FWT FE boundary conditions are described in Figure 4-10. As the upper FWT tooling 
fixture is bonded across the entire substrate, the load is applied as a uniformly distributed 
pressure on the top surface. The bottom surface is fixed to replicate the tooling fixture which 
is bonded to the entire bottom surface of the joint.  
 
 
Figure 4-10: Boundary conditions used for the FWT FE model 
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Fixed 
 Chapter 4: Materials and Modelling Techniques 
97 
 
4.7. Mesh Study 
4.7.1. DLJ Mesh Study 
As the geometry of each joint was relatively simple, a global mesh seed size was used 
to mesh the entire part. Some skewing of elements was observed, therefore additional sections 
were introduced to reduce the aspect ratio of the skewed elements. An 8-noded C3D8R 
structured meshing strategy was used throughout. Higher order quadratic elements were also 
investigated but found to introduce oscillations in stresses across the adhesive. To study the 
effect of global mesh seed sizing, two seed sizes were investigated, 0.3 (Mesh A) and 0.15 (Mesh 
B). A global mesh seed size is an approximate element length based upon the geometry of the 
overall part. Mesh A consists 653395 elements whereas Mesh B results in 2603952 elements (see 
Figure 4-11). 
 
  
Figure 4-11: Comparison of two global mesh seed sizes used in the mesh dependency study (a) Mesh A, (b) 
Mesh B 
Using both mesh sizes, Test 1 and 2 from the DLJ test programme were modelled and 
solved in ABAQUS using the boundary conditions discussed above at an arbitrary load. Mesh 
A consisted of 653395 C3D8R, elements, where the adhesive was modelled as a single row of 
elements. Adhesive stresses were extracted at the centroid of each element. Mesh B increased 
the number of C3D8R elements to 2603952. The adhesive is now modelled as two rows of 
(a) (b) 
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elements, hence adhesive stresses were extracted from the nodes across the mid-plane of the 
adhesive section (see Figure 4-12). 
  
Figure 4-12: Region from which adhesive stresses were extracted for FE model using Mesh B 
Instead of outputting the maximum stress in the adhesive layer, two regions along the 
bondline were considered (see Figure 4-13). Using mid-plane values avoids the stress 
singularity which is expected to vary with mesh density.  
 
Figure 4-13: Illustration of both the centre and edge regions from which stresses were extracted from the 
adhesive layer 
Figure 4-14 to Figure 4-17 present the adhesive stresses for Test 1 and 2. The figures 
show the variation in stresses on both extraction paths and both mesh sizes. 
Mid-plane of adhesive where 
stresses are extracted. 
Edge 
Centre 
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Figure 4-14: Test 1 shear stress distribution for both mesh sizes at the centre and edge 
 
Figure 4-15: Test 2 shear stress distribution for both mesh sizes at the centre and edge 
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Figure 4-16: Test 1 peel stress distribution for both mesh sizes at the centre and edge 
 
Figure 4-17: Test 2 peel stress distribution for both mesh sizes at the centre and edge 
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Table 4-3 and Table 4-4 summarise the resultant maximum stresses for both mesh 
densities at the edge and centre of the adhesive layer. 
Table 4-3: Maximum adhesive stresses at the edge for both mesh sizes 
 Mesh A (MPa) Mesh B (MPa) 
 Peel (S22) Shear (S12) Peel (S22) Shear (S12) 
Test 1 15.77 18.05 11.38 17.20 
Test 2 19.10 15.01 17.56 14.88 
 
Table 4-4: Maximum adhesive stresses at the centre for both mesh sizes 
 Mesh A (MPa) Mesh B (MPa) 
 Peel (S22) Shear (S12) Peel (S22) Shear (S12) 
Test 1 18.52 15.54 19.31 16.64 
Test 2 19.49 12.99 20.96 13.87 
The results show that the path on which stresses are extracted have a significant 
influence. Peel stresses are consistently larger when extracted at the centre compared to the 
edge. Furthermore, extracting peel stresses at the centre reduces the disparity between 
predicted peel stresses for Test 1 and 2. This appears to be a sensible outcome as peel stresses 
should be only slightly greater for Test 2 given the laminates lower flexural stiffness. The 
reduction in maximum shear stress of Test 2 compared to Test 1 is consistent regardless of 
mesh sizing or data extraction region. This is to be expected as the stiffness of the first ply in 
the loading direction of Test 2 is significantly lower compared to Test 1, thus increasing overall 
compliancy in the in-plane shear direction. 
Increasing mesh density does not affect the general trend of adhesive stresses, with 
exception to peak stresses. Mesh B seems to present oscillations near the overlap end which 
may be induced by the singularities on the upper and lower interfaces at the overlap end. 
Hence, it would seem sensible to continue using models with lower mesh density (Mesh A). 
There is a notable difference in predicted stresses when altering the region from which stresses 
are extracted. Stresses from the centre better represent the behaviour expected from Test 1 and 
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2, however, peak shear values are typically greater at the edge. From herein, all adhesive 
stresses analysed in FEM will be taken from both the centre and edge. Both peel and shear 
stresses will be extracted, alongside von-Mises stresses for low-modulus adhesives (3M 9323) 
and max-principal for high-modulus adhesives (EA 9394). 
Increasing mesh density does not affect the adhesive stresses across most of the 
overlap, with exception of the peak stresses. Mesh B seems to present increased oscillations 
near the overlap end which may be induced by the singularities on the upper and lower 
interfaces at the overlap end. This oscillation is also present in Mesh A, but to a much less 
noticeable effect. Hence, it would seem sensible to continue using models with lower mesh 
density (Mesh A). There is a notable difference in the stresses on different paths for the same 
mesh. This presumably reflects the non-uniform load transfer throughout the overlap. Stresses 
from the centre (both shear and peel) are typically in better agreement with analytical 
solutions. In any case, it is sensible to take a conservative approach when using adhesive 
stresses to determine joint strength. From herein, all stresses analysed in FEM will be taken 
from both the centre and edge. 
4.7.2. FWT Mesh Study 
Following the outcome of the DLJ mesh study, a similar process was developed for 
FWT FE joints. Various global mesh seed size was used to mesh the entire part, however, given 
the outcome of the DLJ mesh study, the adhesive was constrained to a single element thickness. 
Given the geometry of the FWT joint, some warping of the elements was observed, however, 
this was carefully controlled with mesh refine tools (i.e. biasing and sectioning). An 8-noded 
C3D8R unstructured meshing strategy was used throughout. Table 4-5 outlines the global 
mesh seed size and total elements of each model investigated in this study. 
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Table 4-5: Global mesh seed size and total elements for each model investigated in the FWT mesh study 
 Global Seed Size Number of Elements 
Mesh A 1.2 44042 
Mesh B 0.9 84030 
Mesh C 0.6 180780 
Moving beyond approximately 500,000 elements prevents the model from solving 
within ABAQUS. Figure 4-18 illustrates the resultant mesh sizing in FEM (substrate view and 
adhesive view). 
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Substrate Adhesive 
 
 
  
 
 
Figure 4-18: Comparison of four global mesh seed sizes used in the FWT mesh dependency study (a) Mesh 
A, (b) Mesh B and (c) Mesh C 
For comparison, each joint was placed under the same arbitrary load and boundary 
conditions. Adhesive peel and shear stresses were extracted from element centroid points at 
the periphery of the bondline (see Figure 4-19), where adhesive stresses are known to be 
greatest. 
(a) 
(b) 
(c) 
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Figure 4-19: Region from which adhesive stresses were extracted in FWT joints 
Figure 4-20 presents the results peel and shear stresses for each mesh size.  
 
Figure 4-20: Adhesive stress comparison for varying mesh densities in FWT joints 
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As the global mesh geometry changes, so do the element centroid locations where data 
is being extracted. Consequently, it is difficult to compare individual values across each model 
as they represent different local regions in FEM. Instead, maximum values can be evaluated to 
identify glaring anomalies and whether the solution reaches a steady state. Focusing on 
adhesive shear stresses, Mesh B and C both begin to stabilise at approximately the same 
maximum shear stress value of 47MPa. Mesh A seemingly underpredicts shear stress with a 
maximum value of 43 MPa. This indicates (for shear stresses), that the optimum mesh density 
lies between Mesh B and C. Peel stress results are somewhat more sporadic. Once again, Mesh 
A underpredicts stresses relative to Mesh B and C, with Mesh B and C maintaining a similar 
average stress state. Interestingly, all three mesh sizes identify a sudden peak in peel stresses 
along the periphery of the bondline. This peak becomes more pronounced as mesh density 
increases, thus indicating the stress peak is a function of mesh density. This region correlates 
to an area of poor mesh refinement constricted to a single element, which becomes increasingly 
skewed with greater mesh density. While it can be controlled using mesh refinement tools, it 
does consistently persist in all results. FWT modelling is carried out under increased scrutiny 
as no analytical model is available which can be used to error check FE results. 
4.8. Concluding Remarks 
Evaluation of the current numerical modelling process used by SSTL was deemed to 
be unsuitable given the observed complex failure modes. The simplified modelling currently 
used does not provide a thorough understanding of the stress-state of the joint at failure. 
Microscopy of each failed specimen showed several failure modes to occur, both within the 
bondline/interface and adherend. Furthermore, the effect of surface ply stresses has a 
significant effect on performance due to the Poisson’s contraction effect. An improved 
modelling technique was proposed, one in which the adherend is modelled on a ply-by-ply 
basis using three-dimensional 8-noded brick elements. The ply-by-ply laminate model has 
been verified by comparing FE results to those calculated through LPT. Good agreement was 
observed, suggesting the laminate model is suitable for further use in composite bonded joint 
modelling. The mesh dependency study identified the appropriate meshing techniques to be 
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used throughout the FE modelling phase (for both DLJ and FWT joints), in addition to key 
regions within the adhesive layer where stresses can be extracted. The modelling guidelines 
presented in this chapter will be used to develop FE models of each joint configuration at their 
respective failure loads.  
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5. Numerical Modelling of Composite Bonded Joints 
5.1. Introduction 
Following the numerical modelling methodology detailed previously, this chapter 
describes the development of detailed FE models used to predict the stresses and strains of 
several composite bonded joint configurations at failure. Prior to extracting critical stresses, a 
joint verification was undertaken by comparing FE derived stresses to those from analytical 
models. Furthermore, each joint configuration is placed under an equal load to identify trends. 
Once the verification stage is complete, each joint configuration is placed under their 
experimentally determined failure loads to identify critical parameters.  
5.2. DLJ Modelling 
5.2.1. Validation of DLJ Model 
Prior to identifying critical parameters at the failure load, each FE DLJ joint model was 
placed under an equal load of 5 kN. The resultant adhesive stresses were analysed to identify 
trends when altering their respective mechanical properties. A comparison was also made 
against an analytical solution. The analytical model considers the adherends to be single 
orthotropic materials. Hence, LPT calculations are required to determine the in-plane 
adherend properties. In every configuration, the laminates are stacked symmetrically about 
the mid-plane. The in-plane stiffness values were determined through the calculation of the 
[?̅?] matrix (See Appendix E and Appendix F). As the plies are firmly bonded to each other, 
they will experience the same strain (ε) in axial loading. Therefore, as [?̅?] is constant over a 
single ply and ε is constant over the entire laminate, the laminate stress can be described by 
the following equation: 
[?̃?]𝑥𝑦 = [𝐴][𝜀]𝑥𝑦 Equation 5-1 
where [𝐴] is defined as: 
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𝐴𝑖𝑗 =
1
ℎ
∑ ?̅?𝑖𝑗(𝑧𝑘−1 − 𝑧𝑘) 
Equation 5-2 
 The parameters h, zk-1 and zk are illustrated in Figure 5-1: 
 
Figure 5-1: Through-thickness illustration of a laminated material 
Thus, by computing these matrices in Excel and applying a uniaxial stress, the in-plane 
stiffness values (E) can be determined. Figure 5-2 illustrates peel and shear stress comparison 
between analytical and FEM solutions for Test 1 under the same loading conditions. FE stresses 
were extracted from the centre and edge as described in Chapter 4.  
h          x 
             Zk          Zk-1 
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Figure 5-2: Peel and shear stress plot comparison between FE and analytical solutions for Test 1 
Reasonably good correlation is observed between FE stresses and analytical solutions 
(for all configurations). Whilst the analytical models are useful from a validation perspective, 
detailed FE models are far more representative of joint behaviour. Nonetheless, the 
comparison to analytical models establishes some confidence in the FE results.  
5.2.2. Identifying Trends in DLJ FE Results 
Table 5-1 summarises the maximum adhesive peel and shear stresses using the 
analytical and FE method described previously. Adhesive peel and shear stresses can be used 
to identify interfacial/delamination failures as stresses in the adhesive provide an indication as 
to the stress state of the adjacent adherend plies. Table 5-2 presents the FE adhesive von-Mises 
and maximum principal stresses used to assess cohesive failure within the adhesive. 
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Table 5-1: Summary of maximum DLJ peel and shear stresses in the adhesive layer for both analytical and 
numerical solutions 
 
FE Max Stresses (MPa) Analytical Max Stresses (MPa) 
 Centre Edge   
 
Peel Shear Peel Shear Peel Shear 
Test 1 18.52 15.54 11.55 16.11 18.43 22.70 
Test 2 19.49 12.99 16.66 13.69 18.43 22.70 
Test 3 19.90 14.15 13.08 13.87 16.87 20.29 
Test 4 22.14 15.47 16.67 14.51 13.31 18.41 
Test 5 15.90 10.58 13.95 10.99 13.31 18.41 
Test 6 16.94 12.00 11.22 11.54 12.65 16.83 
Test 7 11.84 10.22 9.10 10.46 7.43 11.41 
Test 8 17.65 11.82 12.07 12.24 12.82 16.64 
The analytical stresses follow the expected trends when altering joint parameters, with 
a few exceptions. Due to the shortcomings of the analytical model, the effect of flexural stiffness 
and in-plane surface ply stiffness are not accounted for. Hence, the adhesive stresses in tests 1 
and 2 and in tests 4 and 5 are identical regardless of surface ply orientation. FE models are able 
to account for the change in surface ply orientation. The analytical models predict higher shear 
stresses than the FE models as the latter is able to correctly accommodate the shear stresses 
reducing to zero towards the overlap end, a feature that cannot be modelled in the analytical 
model. The discrepancy compared to analytical models increases as the surface ply moves 
towards a 90 orientation. The discrepancy in the analytical solutions appears to reduce when 
compared to FE solutions for high-modulus substrates and low modulus adhesives. 
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Table 5-2: Summary of maximum DLJ von-Mises and max principal stresses for numerical solutions 
 
FE Max Stresses (MPa) 
 Centre Edge 
 
von-Mises Max Principal von-Mises Max Principal 
Test 1 - 30.31 - 24.77 
Test 2 - 28.87 - 27.22 
Test 3 - 30.38 - 24.31 
Test 4 - 33.88 - 28.93 
Test 5 - 22.99 - 21.53 
Test 6 - 25.18 - 19.54 
Test 7 18.24 - 18.90 - 
Test 8 - 25.10 - 20.04 
The following trends can be observed amongst the FE stresses; lower peak adhesive 
shear stresses are observed at the centre in most specimens (5 from 8); higher peak adhesive 
peel stresses are always observed at the centre compared to the edge; maximum principal 
stresses are consistently lower at the edge compared to the centre, suggesting that any cohesive 
failure for both types of adhesive is likely to initiate at the overlap end in the centre and not 
the edge of the joint. Given the sensitivity of the region in which stresses are extracted, it is 
sensible to consider the stresses at both the centre and the edge, whilst only employing the 
maximum stress when developing critical parameters.  
The following conclusions can be drawn from the FE results presented in Table 5-1 and 
Table 5-2. 
• Taking Test 3 as a baseline, moving to a more ductile adhesive (Test 7) reduces 
adhesive stresses as the adhesive is more compliant. Increasing the adhesive 
thickness but keeping the same high-stiffness adhesive (Test 8) also reduces 
adhesive peak stresses. This is true for stresses extracted at both the centre and 
edge.  
 Chapter 5: Numerical Modelling of Composite Bonded Joints 
113 
 
• Comparing Test 3 to 6, the high stiffness substrate reduces adhesive stresses at 
the centre and the edge. 
• Focusing on the low-stiffness substrate joint configurations (Test 1, 2 and 3); 
o Adding a woven surface (Test 3) manipulates adhesive stresses 
compared to Test 1 and 2. Comparing LPT derived modulus values for 
each laminate shows only a slight change in in-plane modulus (Test 1 
and 2 = 55924 MPa, Test 3 = 59241 MPa) which may be the reason why 
only a small change in adhesive stresses is observed.  
o Test 2 presents the lowest shear stress at the centre; peel stresses appear 
to similar in each configuration at the centre which seems sensible given 
through-thickness stiffness of the first ply has not changed even though 
the flexural stiffness of the laminate changes slightly. 
o Larger shear stresses in Test 1 compared to Test 3 correlate to the slightly 
lower in-plane stiffness (loading direction) of the woven ply compared 
to the UD ply.  
• Focusing on the high-stiffness substrate joint configurations (Test 4, 5 and 6); 
o Including a woven surface (Test 6) clearly reduces adhesive stresses at 
both the centre and edge compared to Test 4. 
o Rotating the surface ply 90 in Test 5 has significantly reduced the 
adhesive peel and shear stresses over Test 4. The shear stresses in the 
low modulus substrate joints also reduce, however, the peel stresses 
present the opposite result. This could be due to the low through-
thickness modulus of the HTM substrate compared to MTM substrate 
(approximately 5 GPa to 9 GPa), and the stiffness matching effects with 
the EA 9394 adhesives (approximately 4.5 GPa). 
o Comparing Test 2 to 5 (which have the same layup), adhesive stresses 
are lower for Test 5 which uses high-modulus substrate.   
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5.2.3. Developing DLJ Critical and ‘Safe’ Parameters 
In all joints tested experimentally, failure remained within the region of the bondline 
and the two adjacent plies. The crack running along the overlap region did not progress further 
into the laminate in any of the specimens tested. Hence, the following FE models focused on 
extracting stresses in these regions only, at their respective failure loads. 
To extract critical parameters, the models must first be loaded to their experimentally 
determined failure loads. Table 5-3 summarises the loads applied to each joint configuration. 
The equally distributed pressure is defined as the load applied across the substrate cross-
section area. 
Table 5-3: Failure loads and pressures used in FEM 
 
Strength (kN) Stress (N/mm2) 
Test 1 17.20 330 
Test 2 7.96 152 
Test 3 10.20 164 
Test 4 4.09 88 
Test 5 5.57 118 
Test 6 6.88 120 
Test 7 20.60 330 
Test 8 7.05 113 
 
5.2.3.1. Cohesive Adhesive Parameters 
Test 7 presented entirely cohesive failure. Hence, extracting adhesive stresses from the 
equivalent FE model of Test 7 would likely provide an indication as to the critical stress values 
for the adhesive EA9323 which cause cohesive failure (for this mode of loading). As for the 
substrate, a set of stresses can be extracted for the woven and 0° MTM plies, at which failure is 
known not to occur (i.e. safe values). However, this may leave large unknown margins. 
Nonetheless, these parameters can be used to verify these MTM substrate stresses against other 
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models where failure is observed to not occur. Table 5-4 summarises the critical adhesive 
stresses. These critical stresses are taken as the maximum stress at either the centre or the edge. 
Table 5-4: Critical adhesive stresses to cause cohesive failure in 3M 9323 
 
Peel (MPa) [Centre] Shear (MPa) [Edge] von-Mises (MPa) [Edge] 
3M 9323 49 43 78 
The critical stresses at the centre seem more consistent with the known tensile strength 
of the adhesive. No joint configurations using the high-modulus adhesive presented cohesive 
failure, instead either complete interfacial or a mixture of cohesive-interfacial was present. 
Hence, developing criteria for strictly cohesive failure is not possible for the joints tested. In its 
place, ‘safe’ parameters can be identified where failure is known not to occur.  
5.2.3.2. Interfacial Parameters 
Interfacial FEM parameters were taken from Test 8, where interfacial failure was 
prominent throughout. Maximum adhesive peel and shear stresses of 25 and 17 MPa 
respectively were observed. These stresses are significantly lower than those predicted for Test 
1, where failure is observed as a mixture of interfacial and cohesive. From the data presented 
in Table 5-1, the surface ply has a significant impact on the predicted peak stresses of the 
adhesive. However, this may also suggest that interfacial failure is a weaker failure mode and 
that the presence of cohesive failure dramatically increases joint strength. A trend of 
predominantly interfacial failure can be seen in configurations with low modulus woven 
surface plies, with the exception of Test 7, which uses the low modulus adhesive. Table 5-5 
summarises the critical adhesive parameters for the onset of interfacial failure for a woven 
surface ply and a subsequent 90 ply (Test 8).  
Table 5-5: Critical adhesive stresses to cause interfacial failure in EA 9394-MTM interface. 
 
Peel (MPa) [Centre] Shear (MPa) [Edge] 
EA 9394* 25 17 
*for woven surface ply and subsequent 90 ply 
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Minor amounts of interfacial failure are observed in specimens using the high-modulus 
woven surface ply (Test 6). Microscopy reveals an intraply failure which causes some fibres to 
transfer to the corresponding interface. This appears to be a characteristic of the high-modulus 
substrate which suffers from poor fracture toughness. Failure is observed to be near the 
adherend-adhesive interface, hence the adhesive stresses provide an insight as to the stresses 
in this region at failure. The peak adhesive peel and shear stress for Test 6 are outlined in Table 
5-6, which is only valid for a woven surface ply. 
Table 5-6: Critical adhesive stresses to cause interfacial failure in EA 9394-HTM interface. 
 
Peel (MPa) [Centre] Shear (MPa) [Centre] 
EA 9394* 23 17 
*for woven surface ply 
The interfacial parameters are similar to those outlined for the low-modulus woven 
surface ply (see Table 5-5).  
5.2.3.3. Low Modulus Substrate Parameters 
The low-modulus woven surface ply remains undamaged in all the tested specimens, 
with the exception of very light-fibre transfer. This may not provide an indication as to the 
strength of the ply in the context of a bonded joint, but it does provide ‘safe’ parameters, up to 
which failure is known not to occur. Beyond these stated values, the performance of the woven 
ply is unknown. Table 5-7 describes these ‘safe’ stress values. These stresses are taken as the 
maximum stress across the overlap region. All ply stresses were extracted at the element 
centroid to avoid singularities.  
S11 describes stresses in the loading direction, S22 is the through-thickness direction 
and S12 is the in-plane shear direction.  
Table 5-7: ‘Safe’ stresses for the woven MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM W 449 42 45 
 Chapter 5: Numerical Modelling of Composite Bonded Joints 
117 
 
The failure mode of Test 1 (0 surface) was determined to be predominantly interfacial. 
Fibre transfer was also observed, but subsequent microscopy proved that the transfer of fibres 
was minimal and not an indication of major intraply failure. Hence, extracting ply stresses will 
provide an indication as to the material resistance to failure. Table 5-8 summarises the ‘safe’ 
parameters.  
Table 5-8: ‘Safe’ stresses for the UD 0 MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 0° 822 42 41 
Matrix cracking of the surface 90° ply occurred in Test 2 and 5. The crack appears to 
propagate through the surface 90° ply to the subsequent 45° ply. Table 5-9 describes the critical 
stress for the 90° UD MTM ply (Test 2). 
Table 5-9: Critical stress for the UD 90 MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 90° 54 - - 
The FE predicted stresses are greater than the known transverse strength of the UD ply. 
This may be due to the adjacent 45° ply reinforcing the matrix of the 90° ply. The 45° ply in this 
configuration also fails in the matrix, however the order in which the failure modes progress 
is unknown. Interestingly, the stresses observed in the 45° ply of Test 1 (0° surface ply) are 
noticeably greater than Test 2 (90° surface ply), but failure is not observed. This suggests that 
the 90° surface ply is detrimental to the performance of the adjacent 45° ply. Hence, the 
following conclusions can be made; a) sub-surface 45° plies require a separate criterion 
depending on the surface ply orientation; b) the adjacent ply below the 90° surface ply serves 
to reinforce the matrix, hence increasing the FE predicted stresses beyond the known 
transverse stress of the ply. 
Table 5-10 summarises the parameters for the 45° plies. As failure does not occur in 
Test 1, where a 0° surface ply is used, the parameters outlined below in conjunction with a 0o 
surface ply are not critical, but ‘safe’ values. 
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Table 5-10: Critical and ‘safe’ stresses for the UD 45 MTM plies 
 
S22 (MPa) S12 (MPa) 
MTM 45° (0° Surface) – ‘safe’ 37 34 
MTM 45° (90° Surface) 26 26 
 
5.2.3.4. High Modulus Substrate Parameters 
The high-modulus substrates consist of M55J fibres set in a cyanate ester resin system. 
The resin system has significantly lower fracture toughness compared to the epoxy matrix 
system used in the low modulus substrate. This has a significant impact on the observed failure 
modes, and subsequently the joint strengths. Prior to failure at the interface or in the adhesive, 
the substrate surface ply is typically the first point of failure. The woven surface plies exhibit 
predominantly fibre-transfer to the interface. Microscopy revealed the fibre-transfer to be 
significantly more than what is considered light-fibre transfer. Hence, the parameters below 
(see Table 5-11) describe the critical values for the onset of intraply failure in the high-modulus 
woven surface ply. 
Table 5-11: Critical stresses for the woven HTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
HTM W 177 18 16 
A trend similar to the low-modulus substrates is observed in Test 4 and 5. Separate 
criteria are necessary for the 45 ply depending on the orientation of the surface ply. From the 
FEM (Test 5), the peak 90 and 45 ply stresses were extracted and tabulated below (see Table 
5-12). 
Table 5-12: Critical stresses for the UD 90 and 45 HTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
HTM 90° 24 - - 
HTM 45° (90° Surface) - 15 16 
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With regards to Test 4, the failure modes appear to be predominantly intraply. Failure 
is not observed in the 45 ply, hence the following values (see Table 5-13) can be used as critical 
and ‘safe’ stresses respectively in this configuration. 
Table 5-13: Critical and ‘safe’ stresses for the UD 0 HTM ply and 45 ply respectively 
 
S22 (MPa) S12 (MPa) 
HTM 0° 16 16 
HTM 45° (0° Surface) – ‘safe’ 15 28 
Joint strength from Test 5 (90 surface) and Test 4 (0 surface) are relatively similar, 
whereas in the low-modulus substrates a large difference was observed. The poor fracture 
toughness of the cyanate ester resin system plays a significant role in causing the early onset 
of failure in the laminates. 
5.2.3.5. Summary of Critical and ‘Safe’ Parameters 
Table 5-14 and Table 5-15 summarises the known critical parameters developed from a 
combination of every experimental test and numerical analysis. At these stresses, failure is 
known to occur within the substrate, adhesive or interface.  
Table 5-14: Adhesive critical DLJ parameters 
Adhesive Parameters 
 
Peel (MPa) Shear (MPa) von-Mises (MPa) 
3M 9323 (Cohesive) 49 43 78 
EA 9394-MTM Interface* 25 17 - 
EA 9394-HTM Interface** 23 17 - 
*woven interface with subsequent 90 surface ply 
**woven interface 
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Table 5-15: Substrate critical DLJ parameters 
Substrate Parameters 
 S11 (MPa)  
MTM 90°* 54  
HTM 90°* 24  
   
 
S22 (MPa) S12 (MPa) 
MTM 45° (90° Surface) 26 26 
HTM 45° (90° Surface) 15 16 
HTM 0°* 16 16 
*surface ply 
The following ‘safe’ values have been identified in Table 5-16. At these stresses, failure 
is known not to occur, but the margin to failure is unknown. These values are instead used to 
verify current and future models.  
Table 5-16: ‘Safe’ DLJ parameters 
‘Safe’ Parameters 
 S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 0° 822 42 41 
MTM 90° 53 - - 
    
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM W 449 42 45 
HTM W 177 18 16 
    
 S22 (MPa) S12 (MPa)  
MTM 45° (0° Surface) 37 34  
HTM 45° (0° Surface) 15 28  
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5.3. FWT Modelling 
5.3.1. Identifying Trends in FWT FE Results 
Matching FE models of each FWT joint tested were developed in ABAQUS and placed under 
a 5 kN tensile load. Due to the perfect adhesion of the tooling to the FWT composite adherends, 
the adherend is expected to displace uniformly in the loading direction, (uniform pressure 
across the surface of the composite adherend). As a result, the maximum stress will always lie 
on the outer perimeter. 
Figure 5-3 and Figure 5-4 present the contour plots for all three FWT joints. The stresses 
have been normalised to provide a direct comparison. 
 
Figure 5-3: FWT FE adhesive peel stresses (a) Test 18, (b) Test 19 and (c) Test 20 
(a)                             (b)      (c) 
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Figure 5-4: FWT FE adhesive shear stresses (a) Test 18, (b) Test 19 and (c) Test 20 
From the contour plots shown above, the greatest impact on adhesive stresses came 
from manipulating the adhesive type (i.e. the adhesive mechanical properties). There is a clear 
reduction in stress peaks and average stresses in both peel and shear for Test 20 compared to 
Test 18 and 19. Furthermore, the increase in stresses from the centre to the periphery is far 
more gradual in Test 20, whereas in Test 18, adhesive peel stresses increase by approximately 
60% across a single element (at the outer edge). The same can be said for adhesive shear 
stresses, however, the effect is less prominent.  
Table 5-17 presents the maximum adhesive stresses (at the periphery of bondline) for 
each joint configuration under a 5 kN tensile load. 
Table 5-17: Summary of maximum FWT adhesive stresses at 5kN tensile load 
 FE Max Stress (MPa) 
 
Peel Shear Max Principal von-Mises 
Test 18 208.80 47.40 228.80 - 
Test 19 186.10 36.57 198.80 - 
Test 20 148.30 20.98 - 78.60 
(a)                             (b)      (c) 
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The trends found in the adhesive contour plots and maximum stresses are identical to 
those found in the DLJ. Increasing adhesive thickness also increased compliancy and therefore 
reduces maximum adhesive stresses. Moving to a more ductile adhesive also significantly 
reduces adhesive stresses. 
5.3.2. Developing FWT Critical and ‘Safe’ Parameters 
To identify critical parameters, experimentally determined failure loads and failure 
modes are used in conjunction with FEM to determine regions of interest. Table 5-18 
summarises the loads applied to each joint configuration. The load is defined as an equally 
distributed pressure across the entire laminate surface. 
Table 5-18: FWT failure loads and pressures used in FEM 
 
Strength (kN) Stress (N/mm2) 
Test 18 1.19 1.32 
Test 19 1.05 1.17 
Test 20 1.54 1.71 
In all cases, failure remained within the adhesive or the adhesive-adherend interface 
and did not progress into the substrate (no evidence of partial matrix cracking in the woven 
surface layer). Hence, the FWT FE models focused on extracting critical parameters within the 
bondline (see Table 5-19). Peak stresses in each ply can be used as ‘safe’ values and compared 
to those extracted from the DLJ (and later the SLJ) FEM. 
Table 5-19: Summary of maximum FWT joint adhesive stresses at their respective failure loads  
 FE Max Stress (MPa) 
 
Peel Shear Max Principal von-Mises 
Test 18 49.69 11.28 54.26 - 
Test 19 39.08 7.67 41.58 - 
Test 20 45.67 6.46 - 24.20 
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5.3.2.1. Mixed-Failure Mode Parameters 
Test 18 presents a mixture of both interfacial and cohesive failure. This failure mode 
can be governed by peel and shear critical parameters. Table 5-20 summarises these 
parameters. 
Table 5-20: Mixed interfacial-cohesive critical FWT EA 9394 adhesive parameters 
 
Peel (MPa) Shear (MPa) 
EA 9394-MTM Interface 50 11 
 
5.3.2.2. Cohesive Adhesive Parameters 
Test 20 presents entirely cohesive failure of the adhesive. Table 5-21 summarises these 
critical parameters.  
Table 5-21: Cohesive failure critical parameter for FWT joints 
 
Peel (MPa) Shear (MPa) von-Mises (MPa) 
3M 9323 46 6 55 
Compared to the cohesive failure critical parameters observed in DLJ Test 7, which has 
the same surface ply and adhesive combination, maximum peel stresses are very similar. Shear 
stresses are significantly lower in FWT joints, however, this is directly related to joint geometry 
(DLJ inherently exhibit greater shearing compared to FWT joints). The von-Mises stress is 
related to both peel and shear stress, hence, the reduction in shear stress in FWT joint compared 
to DLJ leads to an overall reduction in von-Mises stress. 
5.3.2.3. Summary of Critical and ‘Safe’ Parameters 
 ‘Safe’ ply stresses are taken as the peak stress value across the overlap region in the 
appropriate ply. S11 refers to the fibre direction stresses, S22 is the through-thickness stress 
and S12 is the in-plane shear stress. Given the loading direction of the FWT joints, it is clear 
that the majority of the loading will be carried in the through-thickness direction (S22).  
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Peak ply stresses were all observed in Test 20. The following tables summarise these 
key ‘safe’ stresses. Given the low failure load of all FWT specimens, the corresponding ply 
stresses are significantly lower than those observed in the DLJ test programme. Table 5-22 to 
Table 5-25 present each ‘safe’ parameter for every ply. Given the lower failure load compared 
to joints tested during the DLJ phase, ‘safe’ parameters for FWT joints are significantly more 
conservative.  
Table 5-22: ‘Safe’ stresses for the woven ±45° MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM W 81 35 10 
Table 5-23: ‘Safe’ stresses for the UD 0 MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 0° 125 30 15 
Table 5-24: ‘Safe’ stress for the UD 90 MTM ply 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 90° 16 - - 
Table 5-25: ‘Safe’ stresses for the UD 45 MTM ply 
 
S22 (MPa) S12 (MPa) 
MTM 45° 27 13 
 
Table 5-26 presents a summary of ‘safe’ and critical parameters. Compared to the 
critical parameters extracted during the DLJ modelling phase, 9394-MTM woven interface 
presents greater critical peel stresses in FWT joints compared to DLJ. This is perhaps due to 
the combination of both peel and shear being critical to joint strength in DLJ, whereas in FWT 
joints, loading is predominantly in the peel direction. For the low modulus adhesive (3M 9323), 
the critical peel stress is similar for both DLJ and FWT joints, while shear stresses are dissimilar. 
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This is perhaps due to the critical nature of peel stresses on joint performance for ductile 
adhesives.  
Table 5-26: ‘Safe’ and critical parameters from the FWT study 
Critical Values 
 Peel (MPa) Shear (MPa) von-Mises (MPa) 
9394-MTM Interface 50 11 - 
9323 46 6 55 
    
‘Safe’ Values 
 S11 (MPa) S22 (MPa) S12 (MPa) 
MTM Woven* 81 35 10 
0 125 30 15 
45 - 27 13 
90 16 - - 
 
5.4. Concluding Remarks 
Several key critical and ‘safe’ parameters were successfully extracted from the FE 
modelling work. This was possible due to the enhanced modelling techniques employed (see 
Chapter 4). Modelling the substrate in a ply-by-ply manner has shown that adhesive stresses 
are highly sensitive to local changes in surface ply properties (stiffness and orientation) 
compared to bulk changes to the substrate itself. Simplified FE and analytical models are 
unable to capture these effects as the substrate is modelled using a global stiffness value 
generated from LPT. The following key conclusions can be drawn from the numerical 
modelling study. 
• Only the low-modulus adhesive exhibits complete cohesive failure in most 
configurations, hence a von-Mises criterion is used to identify the critical stress. 
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In other configurations where failure occurs at the interface, a peel and shear 
stress criteria is used.  
• FE models predict lower adhesive shear stresses for DLJ configurations with 90 
surface plies compared to similar configurations with 0 surface plies. This is 
due to a stiffness matching effect of the surface ply matrix and adhesive. 
• Substrate failure parameters have been identified for the following: 
o Matrix cracking in surface 90 plies in both high and low modulus 
materials. 
o Delamination of 45 plies (assuming a 90 surface ply) for both 
materials. 
o Intraply failure of the high-modulus surface 0 ply. 
• A separate failure criterion is necessary for the 45 ply depending upon the 
adjacent surface ply. The crack in a 90 surface ply appears to propagate 
through into the 45 ply, causing matrix cracking and greatly reducing its 
strength. This is not observed in configurations with a 0 surface ply. 
• A single criterion can be extracted for interfacial/cohesive and a combination of 
cohesive and interfacial failures.  
• Safe parameters have been identified for all other plies where failure does not 
occur.  
• As a part of the outcomes of Chapter 5, all future experimental tests will 
incorporate design protocols to prevent substrate failure, thus limiting the need 
for substrate failure criteria. This will greatly reduce the complexity of 
evaluating joint performance. 
Table 5-27 presents the consolidated critical and ‘safe’ parameters that can be used 
herein to evaluate joint performance.  
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Table 5-27: Consolidated ‘safe’ and critical parameters from the double-lap and flat-wise tensile joint study 
MTM 44-1, IMS65 'Safe' Substrate Values (MPa) 
 S11 S22 S12 
Woven (Surface Ply) 449 42 45 
0° (Non-Surface) 822 42 41 
45° (Non-Surface) - 37 34 
90° (Non-Surface) 53 - - 
MTM 44-1 and HTM 143 Critical Substrate Values (MPa) 
 S11 S22 S12 
MTM 90° (Surface Ply) 54 - - 
HTM 90° (Surface Ply) 24 - - 
MTM 45° (90° Surface) - 26 26 
HTM 45° (90° Surface) - 15 16 
HTM 0° - 16 16 
Adhesive/Interface/Mixed-Mode Critical Values (MPa) 
 Peel Stress Shear Stress von-Mises Max-Principal 
3M 9323 Cohesive Failure 49 43 78 - 
EA 9394-MTM Woven Interface 50 11 - 55 
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6. Validating and Consolidating the Novel Predictive Technique 
6.1. Introduction 
Chapter 5 describes critical and ‘safe’ parameters (herein referred to as the Critical 
Parameter Method) developed from the DLJ and FWT study. This Critical Parameter Method 
(CPM) can be used to evaluate the performance of a new set of composite bonded joints. A 
comparison can be made between experimental results, the CPM and traditional failure 
criterions. To evaluate the critical parameters outlined in Table 5-27 against real joint strengths, 
a new test programme was developed. A new set of joint configurations should present an 
alternative variation in the peel-shear interaction compared to those observed in DLJ and FWT 
joints. This will thoroughly validate the CPM by introducing a previously unseen stress-state. 
In order to achieve this, FEA was used to produce a simple comparison of adhesive peel and 
shear stresses for various joint configurations. Figure 6-1 presents a schematic of the peel-shear 
interactions of DLJs, SLJs and FWT joints. The plotted stress values are taken as the peak stress 
in the bondline (centre or edge) at an arbitrary load, using the FE techniques described in 
Chapter 5.  
 
Figure 6-1: Interaction between peel and shear for several joint configurations taken from FEM 
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The bondline of the DLJ is clearly dominated by shear stresses, conversely, FWT joints 
are dominated by peel stresses. Thus, a large region remains unaccounted for where the peel-
shear interaction is far more equal. SLJs appear to provide a reasonable ratio between peel and 
shear stresses. Hence, several SLJ configurations were developed which occupy a space in the 
peel-shear envelope not encountered by either the DLJ or FWT joints.  
The first step to validate the CPM is to design, manufacture and test SLJ specimens. 
After acquiring joint strengths and failure modes, detailed FE models can be developed using 
the techniques discussed in Chapter 4. Using the consolidated critical parameters outlined in 
Table 5-27, SLJ strength predictions can be made and compared directly to experimental 
results. Additionally, popular FE failure criterions can be used to predict joint strength as a 
point of reference. 
6.2. Single-Lap Joint Test Programme 
6.2.1. Test Matrix 
The purpose of the SLJ test phase is to understand the effects of joint asymmetry on 
joint strength for various adhesives and adhesive thicknesses. Joint asymmetry will change the 
peel-shear interaction, thus potentially identifying a new range of failure modes not observed 
during the DLJ or FWT test phases. Unlike the DLJ test phase, the woven surface ply for all 
SLJs is orientated in the 45° direction. SLJs are often used in structural regions where the load 
path is sporadic, and thus not always in the axial direction. Hence a woven surface ply in the 
45° direction provides suitable protection against matrix cracking or delamination at off-axis 
loading directions. To simplify the test matrix, configurations were selected based on the 
findings during the DLJ test phase. Hence, joints which previously presented complex failure 
modes were eliminated (such as the high-modulus substrates and UD surface plies). By 
introducing preliminary design rules outlined in Chapter 3, failure will remain within the 
bondline which removes the intricacy of analysing the interaction of complex failure modes 
between the adhesive and adherend. 
 Chapter 6: Validating and Consolidating the Novel Predictive Technique 
131 
 
A single substrate of [±45/0/45/90/0/90/45/-45/0/-45/90/0/90]s layup was kept constant in 
every configuration, with the second substrate layup modified to produce varying asymmetry. 
The second substrate maintains QI and balanced properties with a woven surface ply. The 
layup of the second substrate is achieved by removing plies from the baseline layup shown 
above. The reduction in substrate thickness will reduce in-plane and flexural stiffness. Table 
6-1 presents the SLJ test matrix. Test 9, 11 and 13 explore the effect of increasing asymmetry on 
the baseline joint configuration (0.25 mm bond thickness). Test 10, 12 and 14 investigate the 
effect of increasing asymmetry on baseline joint configurations with increased bond thickness 
(0.40 mm bond thickness). Test 15, 16 and 17 investigate the effect of increasing joint 
asymmetry on configurations using the low-modulus adhesive (3M 9323).  
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Table 6-1: SLJ test programme 
 Substrate Adhesive 
Config Second Layup Material Thickness 
(mm) 
Material Thickness 
(mm) 
Test 9 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 EA 9394 0.25 
Test 10 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 EA 9394 0.4 
Test 11 [W/0/45/90/45/-45/0/-
45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.97 EA 9394 0.25 
Test 12 [W/0/45/90/45/-45/0/-
45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.97 EA 9394 0.4 
Test 13 [W/0/45/90/45/-45/0/-
45/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.47 EA 9394 0.25 
Test 14 [W/0/45/90/45/-45/0/-
45/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.47 EA 9394 0.4 
Test 15 [W/0/45/90/0/90/45/-
45/0/-45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
3.48 3M 9323 0.25 
Test 16 [W/0/45/90/45/-45/0/-
45/90/0/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.97 3M 9323 0.25 
Test 17 [W/0/45/90/45/-45/0/-
45/90]s 
Low modulus quasi-
isotropic with 45° woven 
surface ply 
2.47 3M 9323 0.25 
Where ‘W’ refers to the 45 woven surface ply. Each test was repeated five times. 
6.2.2. Specimen Design 
ASTM D3165 (ASTM International 2007) describes the design and test method used for 
evaluating SLJ performance. The manufacturing processes remained nearly identical to those 
employed during the DLJ test phase.  
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Five specimens were manufactured from a single composite panel. Bond thickness was 
controlled using bond-wire between each specimen. The joint cavity was flooded with 
adhesive to ensure the bondline was free of voids. The bond-wire was removed post-cure 
when machining each individual specimen. PTFE rods were used to maintain the slot width 
between the adherends during the bonding process and control the spew fillet. Figure 6-2 
illustrates the finalised specimen design. Appendix A contains further details regarding the 
manufacturing process (including surface pre-treatment). 
 
Figure 6-2: SLJ specimen design 
6.2.3. Test Setup 
As with the DLJs and FWT experimental study, the SLJs were tested at the University 
of Surrey mechanical testing facility. An INSTRON 6025 5500R test machine, with mechanical 
wedge-action grips and a 100 kN load cell were used. A fixed loading rate of 1 mm/min was 
applied to all test specimens. An extensometer with gauge length and resolution of 50 mm and 
0.00050 mm respectively was placed symmetrically across the overlap region. Both the load 
cell and extensometer were calibrated prior to use. 
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6.2.4. Results and Discussion 
Figure 6-3 presents the experimentally determined failure loads for the SLJs described 
in Table 6-1. Failure loads were normalised to the measured overlap length. Additional test 
data can be found in Appendix C. 
 
Figure 6-3: Experimentally determined SLJ failure loads with minimum and maximum scatter 
From the experimental strength data gathered, the following initial trends have been 
observed. 
• Configurations with increasing asymmetry generally perform better compared 
to their baseline configuration (Test 9 compared to Test 11 and 13). This trend 
is true for both the high-modulus and low-modulus adhesives (Test 15 
compared to Test 16 and 17), but not true for specimens with increased bondline 
thickness. 
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• Configurations with increased bond thickness (Test 10, 12 and 14) perform 
similarly, regardless of varying asymmetry.  
• Greater joint strength is observed in configurations with the low-modulus 
adhesive. 
For each specimen, force and extensometer extension were measured until failure. A 
stiffness check was conducted on each specimen to ensure reasonable results were being 
extracted. Figure 6-4 illustrates the force-displacement plot of Test 17.  
 
Figure 6-4: Force-displacement plot for Test 17 
Unlike the force-displacement plots of DLJs (see Appendix B), the relationship is non-
linear, and failure appears to progress slower along the overlap. The sudden variances in force 
and extension between 2 – 4 kN corresponded to the sound of matrix cracking during testing. 
These findings are consistent across all joint configurations; however, the softening effect is 
less prominent in the high-stiffness adhesive. Due to the softening effect, in-situ video 
microscopy was employed in an attempt to capture failure as it progressed through the 
bondline. Figure 6-5 illustrates images that were captured. 
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Figure 6-5: Progression of failure in Test 17 captured by in-situ microscopy: (a) 0 ms, (b) 17 ms, (c) 33 ms and 
(d) 50 ms 
The camera was focused on capturing the entire overlap region at a suitable resolution. 
Image (a) presented the initial section under load, prior to failure. Only two frames were 
captured which show the progression of failure, image (b) and (c). As the joint displaces in the 
out-of-plane direction, image focus is lost, hence it is difficult to determine how failure 
progresses. Current In-situ microscopy techniques have proven to be unsuited for capturing 
rapid failure progression. High frame rate capture and suitable lighting equipment are needed 
to gain any meaningful data.  
Focusing on configurations using the low-modulus (3M 9323) adhesive (Test 15, 16 and 
17), strength is expected to reduce with greater asymmetry due to increased stresses in the 
reduced thickness substrate. However, the experimentally determined failure loads indicate a 
minor rise in joint strength with increasing asymmetry. Figure 6-6 illustrates the failure 
surfaces of Test 15.  
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Figure 6-6: Failure surfaces for Test 15 
Unlike the DLJ specimen where the low-modulus adhesive was used (Test 7), Test 15 
presents what appears to be a mixture of cohesive and interfacial failures. Compared to the 
failure surfaces of Test 16 and 17 (see Figure 6-7), a similar trend of cohesive and interfacial 
failure is observed, however, interfacial failure appears to have a greater impact in Test 15. 
This corresponds to reduced joint strength as seen previously in the DLJ test phase, where the 
presence of interfacial correlates to reduced performance. 
  
Figure 6-7: Failure surfaces for configurations using 3M 9323 adhesive at 0.25 mm bond thickness: (a) Test 16 
and (b) Test 17  
The addition of a woven surface ply ensures failure migrates away from the substrate. 
However, the orientation of the woven surface ply plays a detrimental role in the nature of 
(a)  (b) 
Cohesive and 
interfacial 
failures 
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joint failure. When loading the woven surface ply where the fibres are orientated at 45 to the 
loading direction, a Poisson’s contraction effect takes place. The fibres attempt to align 
themselves to the loading path, introducing local areas of high strain. The high-stiffness 
adhesive is not able to comply with the transverse displacement; which consequently promotes 
an interfacial failure mode (particularly apparent in joints using the high-modulus EA 9394 
adhesive). Figure 6-8 attempts to illustrates the failure mechanism being described.  
 
 
 
Figure 6-8: Illustration of the Poisson’s effect in a woven surface ply orientated in the 45 direction 
For joints with thicker adherends, the Poisson’s contraction effect appears to be 
exaggerated. As in-plane and flexural stiffness increases, local axial and shear stresses at the 
woven interface increase. This causes the fibres in the woven surface ply to prematurely dis-
bond from the matrix. The phenomenon is consistent across all configurations tested with a 
0.25 mm bond thickness, indicating that the (low) compliancy of the bondline can exacerbate 
this effect. FE results indicate that for configurations with thin adherends, and hence reduced 
stiffness, the Poisson’s contraction effect still takes place, however, it is less detrimental to joint 
strength. This can be observed by the increase in cohesive failure in Test 16 and 17.   
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A similar trend (as described above) can be observed in configurations using the high-
modulus (EA 9394) adhesive (Test 9, 11 and 13). Figure 6-9 illustrates their respective failure 
surfaces. 
 
 
 
Figure 6-9: Failure surfaces for configurations using EA 9394 adhesive at 0.25 mm bond thickness: (a) Test 9, 
(b) Test 11 and (c) Test 13 
Test 9 presents predominantly interfacial failure. As substrate thickness reduces, 
cohesive failure becomes more prominent. This correlates to an increase in joint strength. As 
with configurations using the low-modulus adhesive, reducing the laminate thickness 
migrates failure away from the interface, thus the strength of the joint becomes increasingly 
dependent upon the strength of the adhesive.  
Joint configurations using the increased bond thickness (0.4 mm) with the high-
modulus adhesive present their own unique trend. Joint strengths appear to be unaffected by 
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asymmetry. From the DLJ test phase, increasing the adhesive thickness promoted an interfacial 
failure. For the SLJs tested, Poisson’s contraction effect in the woven surface ply has been a 
primary source of failure. However, increasing the adhesive thickness serves to increase 
compliancy in the bondline. Hence, the localised high-stress regions at the interface are 
reduced. Instead, the failure modes (see Figure 6-10) for each joint configuration consist 
primarily thin film cohesive failure. 
 
 
 
Figure 6-10: Failure surfaces for configurations using EA 9394 adhesive at 0.40 mm bond thickness: (a) Test 
10, (b) Test 12 and (c) Test 14 
Evidence of light-fibre transfer is also consistent across joints with increased bond 
thickness, however, earlier microscopy showed the transfer of fibres to be minimal and not 
detrimental to joint strength. 
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6.2.5. Summary 
Table 6-2 summarises the observed failure modes and their corresponding failure 
loads. As with the DLJs, a clear trend of increased joint strength is apparent amongst joints 
which exhibit cohesive failure. The effect of the woven surface promoting interfacial failures 
does not occur amongst any of the DLJs tested, hence this type of failure may only be applicable 
when the woven surface is orientated off-axis to the loading direction. Increasing the adhesive 
thickness results in a predominantly thin-film cohesive. The low-modulus adhesive no longer 
presents entirely cohesive failure, but now a mixture of cohesive and interfacial depending on 
asymmetry. 
Table 6-2: Summary of observed failure modes in SLJ 
 Cohesive/Thin-
Film Cohesive 
Intraply Delamination Interfacial Failure Load 
(kN) 
Test 9 - - - 100% 4.90 
Test 10 80% - - 20% 5.52 
Test 11 20% - - 80% 7.24 
Test 12 80% - - 20% 5.27 
Test 13 15% - - 85% 7.32 
Test 14 80% - - 20% 5.52 
Test 15 35% - - 65% 5.58 
Test 16 60% - - 40% 8.73 
Test 17 65% - - 35% 7.83 
The following key conclusions can be drawn from the experimental testing of SLJs. 
• Using only woven surface plies in the test campaign has migrated failure 
towards the bondline (as with the DLJs). During testing, the noise of ply failure 
was observed, hence further investigation into the substrate is needed to 
identify if the woven surface ply or subsequent plies have failed.  
• The addition of a 45 woven surface ply has a detrimental effect on joint 
strength. This is due to the Poisson’s effect of fibres contracting as they attempt 
to orientate themselves to the loading direction. Consequently, in less compliant 
bondlines, interfacial failure is observed. 
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• Varying the level of asymmetry in SLJs had a counter-intuitive effect on joint 
performance due to exacerbated Poisson’s contractions effects occurring in 
stiffer substrates. Failure modes also differ from their DLJ counterparts as 
mixed interfacial/cohesive failure is far more common. 
6.3. SLJ Modelling 
The SLJ FE models used in this analysis follow the same boundary and loading 
conditions as described for DLJs (Chapter 4.6.1), with the exception of removing the y-
symmetry at the mid-surface (see Figure 6-11). In addition, the meshing strategy followed 
remains similar to that discussed for the DLJ (Chapter 4.7.1) given the geometrically similar 
nature of both the SLJ and DLJ FE models. 
 
Figure 6-11: Boundary conditions used for the SLJ FE model 
6.3.1. Validation of SLJ Model 
As with the DLJs, each FE joint model was placed under an equivalent tensile load of 5 
kN. The resultant adhesive stresses were analysed to determine if the models presented the 
trends expected when altering joint parameters. To validate the FE models, each configuration 
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was compared to matching analytical solution. Test 13 was chosen as it presented maximum 
asymmetry. Figure 6-12 presents a comparison between analytical and FEM solutions.  
 
Figure 6-12: Peel and shear stress plot comparison between FE and analytical solutions for Test 13 
Generally, good correlation is observed between FE centre stresses and the analytical 
solution. Absolute maximum stress values also appear to be reasonably similar. Interestingly, 
FE edge stresses are significantly lower compared to stresses extracted at the centre. This 
observation is more apparent with peel stresses.  
6.3.2. Identifying Trends in SLJ FE Results 
Table 6-3 and Table 6-4 summarise the maximum adhesive stresses for each joint 
configuration. Both analytical and FE stresses are included. As with the DLJ FEM, stresses are 
taken from the centre and edge. 
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Table 6-3: Summary of maximum SLJ peel and shear stresses in the adhesive layer for both analytical and 
numerical solutions 
 
FE Max Stress (MPa) Analytical Max Stresses (MPa) 
 Centre Edge   
 
Peel Shear Peel Shear Peel Shear 
Test 9 56.34 34.86 11.72 25.14 60.90 42.10 
Test 10 48.25 28.98 10.38 22.53 50.40 34.09 
Test 11 65.53 40.25 11.65 27.19 66.14 45.49 
Test 12 60.07 35.18 10.61 25.28 55.00 36.64 
Test 13 72.37 44.88 14.91 28.65 70.83 49.53 
Test 14 65.11 38.90 11.77 26.39 60.64 40.24 
Test 15 35.34 23.59 9.64 19.75 30.07 22.89 
Test 16 41.25 26.35 9.88 21.05 33.07 24.22 
Test 17 45.87 28.68 11.12 22.01 36.57 26.01 
 
Table 6-4: Summary of maximum SLJ von-Mises and max principal stresses for numerical solutions 
 
FE Max Stresses (MPa) 
 Centre Edge 
 
von-Mises Max Principal von-Mises Max Principal 
Test 9 - 81.12 - 43.39 
Test 10 - 66.52 - 35.04 
Test 11 - 94.42 - 43.47 
Test 12 - 81.13 - 36.57 
Test 13 - 105.2 - 46.39 
Test 14 - 90.33 - 39.16 
Test 15 43.55 - 36.49 - 
Test 16 49.18 - 40.15 - 
Test 17 53.84 - 42.83 - 
There is a clear disparity between centre and edge stresses for every joint configuration. 
Adhesive stresses are noticeably lower in both peel and shear at the edge. Figure 6-13 presents 
a contour of adhesive stresses in Test 9. A region of low stress is observed at each corner of the 
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adhesive section where we would typically expect a singularity to form. The converse is true 
for DLJ, where peak stresses are typically located at the edge. This is perhaps due to the high 
stiffness in the orthogonal direction of the woven 0/90 ply (in the case of the DLJs). The SLJ 
45° woven ply is far more compliant at the edge of the adhesive, therefore reducing load 
transfer into the adhesive. In addition, unlike a DLJ where the centre substrate is constrained 
against bending, in a SLJ the second substrate (which would be the centre substrate in a DLJ) 
now curves in the transverse direction across the overlap (anti-elastic bending) which provides 
a weaker load path at the edges. 
 
Figure 6-13: Contour plot of adhesive peel and shear stresses for Test 9: (a) peel stresses and (b) in-plane 
shear stresses 
The following conclusions can be made from the data presented in Table 6-3 and Table 
6-4. 
• For all high-modulus adhesive joint configurations, good correlation is 
observed between maximum adhesive stresses at the centre and analytical 
results. For low-modulus adhesives, there is a noticeable variance in maximum 
peel stresses between the analytical and numerical (centre stresses) model.  
(a) (b) 
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• FE Edge stresses are significantly lower compared to the FE centre stresses and 
analytical stresses. This suggests failure initiates at the centre for every 
configuration. In the case of the DLJs, the location of peak stresses were highly 
dependent upon the surface ply and adhesive material.  
• Increasing asymmetry, regardless of adhesive stiffness or adhesive thickness, 
increases peak peel and shear stresses at the adhesive centre for the numerical 
models. Comparing the adhesive stresses from Tests 9, 11 and 13 a gradual 
increase in peak adhesive stresses is present as laminate flexural stiffness is 
reduced.  
• Increasing the adhesive thickness leads to an overall reduction in maximum 
adhesive stresses due to increased compliancy. The same trend is observed in 
DLJ numerical models. 
6.4. Validation of Predictive Method 
Using the critical parameters mentioned in Table 5-27, a simple script can be 
programmed in Excel which compares FE stresses (from predefined locations) to the 
predefined critical parameters. As the FE models are linear, the adhesive/substrate stresses can 
be scaled with applied load. The Excel script iterates applied loads from 1 kN up to 100 kN in 
100 N intervals, until the stresses reach the critical parameter. Figure 6-14 illustrates the 
methodology used to predict composite bonded joint strength using this critical parameter 
method (CPM). 
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Figure 6-14: CPM methodology for predicting composite bonded joint strength 
In order to validate this model, the critical parameters were used to predict the strength 
of the composite bonded SLJ detailed earlier in this chapter. A direct comparison has been 
made to experimental SLJ strength and traditional FE predictive methods. In this case, the Tsai-
Wu failure criterion was implemented for the substrate and maximum stress criterion for the 
adhesive. These techniques are commonly used in industry for laminated composite bonded 
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joints. The Tsai-Wu and Max Stress parameters are outlined in Table 4-1 and Table 4-2 
respectively. Table 6-5 presents a comparison of traditional FEM (Tsai-Wu and Max Stress) and 
CPM predictions against experimental SLJ strengths.  
Table 6-5: Comparison of predicted strengths (CPM and FEM) against experimental strengths for SLJs 
Test Predicted Strength, 
CPM (N) 
Predicted Strength, 
Traditional FEM 
(N) 
Experimental 
Strength (N) 
CPM % 
Difference 
FEM % 
Difference 
Test 9 4500 2678 4897 8.1% 45.3% 
Test 10 5200 2777 5516 5.7% 49.6% 
Test 11 3900 2247 7236 46.1% 68.9% 
Test 12 4200 2222 5265 20.2% 57.8% 
Test 13 3500 1960 7322 52.2% 73.2% 
Test 14 3900 1931 5523 29.3% 65.1% 
Test 15 8900 3071 5582 59.4% 44.9% 
Test 16 8000 2564 8732 8.3% 70.6% 
Test 17 7300 2215 7828 6.5% 71.7% 
Using the traditional FE method, predicted failure occurred prematurely within the 
woven surface ply at the tensile end of the overlap region (see Figure 6-15). In most cases, even 
if the Tsai-Wu failure criterion is ignored, the Max Stress criterion predicted adhesive failure 
soon after substrate failure. 
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Figure 6-15: Test 9 SLJ cross-section contour plot presenting Tsai-Wu failure indices at 5 kN tensile load 
Clearly, traditional FE methods grossly under-predict joint strength, whereas the CPM 
provides a significant improvement. The average percentage difference from experimental 
results using the FE method is approximately 61%. The average percentage difference from 
experimental results using the CPM is 26%. Asymmetric joints (Tests 11 and 13) present a 
reduction in predictive accuracy for both FEM and CPM. Given the complex load state of 
increasingly asymmetric joints, it is unsurprising that predictive capabilities deteriorate. 
However, in the case of the CPM, this can be overcome by developing critical parameters for 
SLJs using the same methodology outlined in Chapter 5, then consolidating them with the pre-
existing parameters (for DLJs and FWT joints) defined in Table 5-27.  
Table 6-6 describes the predicted failure modes using the CPM against experimental 
failure modes. 
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Table 6-6: Comparison of predicted failure modes using the CPM against experimental failure modes 
 Predicted CPM Failure Modes Actual Failure Modes 
Test 9 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Entirely interfacial failure 
Test 10 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Mixture of cohesive and interfacial 
(predominantly cohesive) 
Test 11 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Mixture of cohesive and interfacial 
(predominantly interfacial) 
Test 12 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Mixture of cohesive and interfacial 
(predominantly cohesive) 
Test 13 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Mixture of cohesive and interfacial 
(predominantly interfacial) 
Test 14 Adhesive, interfacial or mixed-mode failure (Peel 
and Max Principal critical stress reached) 
Mixture of cohesive and interfacial 
(predominantly cohesive) 
Test 15 Cohesive (Peel and von-Mises critical stress 
reached) 
Mixture of cohesive and interfacial  
Test 16 Cohesive (Peel and von-Mises critical stress 
reached) 
Mixture of cohesive and interfacial 
(predominantly cohesive) 
Test 17 Cohesive (Peel and von-Mises critical stress 
reached) 
Mixture of cohesive and interfacial 
(predominantly cohesive) 
A clear limitation of the current state of the CPM is the ability to clearly identify failure 
modes within the bondline. As it stands, the model is limited to determining failure as the 
following three options: interfacial failure; cohesive failure and mixed-mode failure. Mixed-
mode failure is somewhat ambiguous as real mixed-mode failure surfaces tend to skew 
towards interfacial or cohesive. Nonetheless, compared to experimental failure modes, the 
region of failure appears to be accurately identified. In addition, the CPM does not present any 
false failure indications within the substrate. 
6.5. Identifying SLJ Critical and ‘Safe’ Parameters 
6.5.1. Introduction 
To identify critical parameters, experimentally determined failure loads and failure 
modes are used in conjunction with FEM to determine regions of interest. Table 6-7 
summarises the loads applied to each joint configuration.  
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Table 6-7: SLJ failure loads and pressures used in FEM 
 
Strength (kN) Stress (N/mm2) 
Test 1 4.90 55.43 
Test 2 5.52 62.44 
Test 3 7.24 96.03 
Test 4 5.27 69.90 
Test 5 7.32 117.34 
Test 6 5.52 88.48 
Test 7 5.58 63.13 
Test 8 8.73 115.80 
Test 9 7.83 125.51 
In all cases, failure remained within the adhesive or the adhesive-adherend interface 
and did not progress into the substrate. Hence, the following FE models focused on extracting 
critical parameters within the bondline. Peak stresses in each ply (where failure did not occur) 
can be used as ‘safe’ values, but also to verify critical stresses extracted from the DLJ FEM. The 
tables below present the ‘safe’ and critical parameters from the SLJ study. 
6.5.2. Interfacial Parameters 
From the observed failure modes, complete interfacial failure occurs within Test 9, 12 
and 14. Critical values for interfacial failure are similar when grouped by adhesive thickness, 
hence, Table 6-8 provides a summary of critical interfacial parameters depending on adhesive 
thickness. 
Table 6-8: Critical interfacial SLJ EA 9394 adhesive parameters 
 Centre 
 
Peel (MPa) Shear (MPa) 
9394-MTM Interface1 55 34 
9394-MTM Interface2 63 37 
10.25 mm bond thickness; 20.40 mm bond thickness 
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6.5.3. Mixed-Failure Mode Parameters 
In the case of SLJ specimens using the low-modulus adhesive, Test 16 and 17 presented 
a mixture of cohesive and interfacial failure, the critical values were combined using a 
conservative approach (i.e. taking the lowest failure stress from the two FE models). Table 6-9 
presents the critical stress for mixed interfacial-cohesive failure for asymmetric joints, where 
the most conservative peel and shear stress was selected. 
Table 6-9: Mixed interfacial-cohesive critical SLJ 3M 9323 adhesive parameters for asymmetric joints 
 Centre 
 
Peel (MPa) Shear (MPa) 
9323-MTM Interface* 72 45 
*For asymmetric joints 
Test 11 and 13 (high-modulus adhesive) also presented mixed interfacial-cohesive 
failure. As before, these parameters only relate to asymmetric joints. The critical parameter for 
this failure mode is presented in Table 6-10. Once more, the most conservative stress values 
were selected from the two FE models. 
Table 6-10: Mixed interfacial-cohesive critical SLJ EA 9394 adhesive parameters for asymmetric joints 
 Centre 
 
Peel (MPa) Shear (MPa) 
9394-MTM Interface* 95 58 
*For symmetric joints 
6.5.4. ‘Safe’ Ply Parameters 
 ‘Safe’ ply stresses are taken as the peak stress value across the overlap region in the 
appropriate ply. S11 refers to the loading direction stresses, S22 is the through-thickness stress 
and S12 is the in-plane shear stress.  
Table 6-11 presents the ‘safe’ stresses for the woven surface ply. 
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Table 6-11: ‘Safe’ stresses for the woven ±45° MTM ply for SLJs 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM W 423 76 63 
Maximum fibre direction stress (S11) in the 0 ply was observed in Test 16, a joint 
consisting of a low-modulus adhesive and maximum asymmetry. Compared to a thicker 
substrate, a thin substrate is likely to carry more axial loading. The ductile adhesive also seems 
to have a detrimental effect on substrate stresses compared to the high modulus adhesive. 
Table 6-12 presents the ‘safe’ stresses for the 0 ply. 
Table 6-12: ‘Safe’ stresses for the UD 0 MTM ply for SLJs 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 0° 1245 63 46 
Maximum axial stresses in the 90 ply was observed in Test 17. These stresses are very 
similar to the critical stresses extracted from DLJ FEM. However, in the case of the DLJ 
specimen, the failure was observed in a 90 surface ply. In the case of SLJ, the 90 ply was below 
four adjacent plies. During testing, the sound of matrix cracking was observed in every 
specimen from this configuration. The FEM results seem to suggest that matrix cracking in the 
90 may have occurred, however, this is not conclusive without physical evidence. 
Consequently, the stresses extracted from FEM will be considered ‘safe’ values (see Table 6-13). 
Table 6-13: ‘Safe’ stress for the UD 90 MTM ply for SLJs 
 
S11 (MPa) S22 (MPa) S12 (MPa) 
MTM 90° 62 - - 
The critical values for 45 plies were found to be highly sensitive to surface ply 
orientation in the DLJ study. 0 surface fibres above a 45 ply serve as reinforcement, hence 
increasing the maximum stress it can withstand. Test 13 presented the highest through-
thickness (S22) and in-plane shear (S12) stresses in the 45 ply. The through-thickness stress 
value is comparable to the ‘safe’ value extracted from DLJ FEM, however, the laminate 
configurations differ. In the case of the SLJs, the 45 is reinforced by two additional plies (one 
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woven and one UD), whereas the 45 plies in the DLJs were reinforced with a single UD ply. 
Table 6-14 presents the ‘safe’ stresses for 45 ply. 
Table 6-14: ‘Safe’ stresses for the UD 45 MTM ply for SLJs 
 
S22 (MPa) S12 (MPa) 
MTM 45° 53 60 
 
6.5.5. Summary of Critical and ‘Safe’ Parameters 
Table 6-15 summarises the key safe and critical parameters from the SLJ study. 
Table 6-15: ‘Safe’ and critical parameters from the SLJ study 
 Critical Values 
 Peel (MPa) Shear (MPa)  
9394-MTM Interface1 55 34  
9394-MTM Interface2 63 37  
9323-MTM Interface3 72 45  
9394-MTM Interface3 95 58  
 ‘Safe’ Values 
 S11 (MPa) S22 (MPa) S12 (MPa) 
MTM Woven* 423 76 63 
0 1245 63 46 
45 - 53 60 
90 62 - - 
10.25 mm bond thickness; 20.40 mm bond thickness; 3asymmetric joints 
6.6. Consolidating Critical Parameters 
Combining the critical parameters from the DLJ, SLJ and FWT studies results in the 
following consolidated critical and ‘safe’ parameters (see Table 6-16). The critical parameters 
were consolidated using a conservative approach (i.e. taking the lowest failure stress from FEM 
when several joints exhibit the same failure mode). In doing so, some performance may be 
discarded, but given this modelling methodology is to be implemented in safety-critical 
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applications, it is a necessary approach to take. These set of parameters now encompass a much 
greater region of the peel-shear design envelope. 
Table 6-16: Consolidated critical and ‘safe’ parameters from the DLJ, FWT and SLJ studies 
MTM 44-1, IMS65 'Safe' Substrate Values (MPa) 
 S11 S22 S12 
±0/90° Woven (Surface Ply) 449 76 45 
±45° Woven (Surface Ply) 449 76 63 
0° (Non-Surface) 1245 63 46 
45° (Non-Surface) - 53 60 
90° (Non-Surface) 62 - - 
MTM 44-1 and HTM 143 Critical Substrate Values (MPa) 
 S11 S22 S12 
MTM 90° (Surface Ply) 54 - - 
HTM 90° (Surface Ply) 24 - - 
MTM 45° (90° Surface) - 26 26 
HTM 45° (90° Surface) - 15 16 
HTM 0° - 16 16 
Adhesive/Interface/Mixed-Mode Critical Values (MPa) 
 Peel Stress Shear Stress von-Mises 
3M 9323 Cohesive Failure 49 43 78 
3M 9323-MTM Woven Mixed (Asymmetric Joints) 72 45 - 
3M 9323-MTM Woven Interface (Balanced Joints) 40 26 - 
EA 9394-MTM Woven Interface (0.25 mm) 55 34 - 
EA 9394-MTM Woven Interface (0.40 mm) 63 37 - 
EA 9394-MTM Woven Mixed (Asymmetric Joints) 95 58 - 
Clearly, the critical parameters outlined in Table 6-16 encompass a large array of joint 
configurations and potential failure modes. However, as it stands, the method has grown to 
become somewhat complex which may negate the original aim of producing a simplified tool 
to better evaluate joint performance. To overcome this, the critical parameters have been 
further consolidated to produce a far simpler tool (see Table 6-17). Where ‘Balanced Joints’ 
refers to balanced SLJs and DLJs and ‘Asymmetric Joints’ refers to asymmetric SLJs. 
 
 
 Chapter 6: Validating and Consolidating the Novel Predictive Technique 
156 
 
Table 6-17: Final critical parameters used for verifying composite bonded joint performance 
MTM 44-1, IMS65 'Safe' Substrate Values (MPa) 
 S11 S22 S12 
±0/90° Woven (Surface Ply) 449 76 45 
±45° Woven (Surface Ply) 449 76 63 
0° (Non-Surface) 1245 63 46 
45° (Non-Surface) - 53 60 
90° (Non-Surface) 62 - - 
Adhesive/Interface/Mixed-Mode Critical Values (MPa) 
 Peel Stress Shear Stress von-Mises 
3M 9323 Cohesive Failure 49 43 78 
3M 9323-MTM Woven Interface (Balanced Joints) 40 26 - 
EA 9394-MTM Woven Interface (Balanced Joints) 55 34 - 
EA 9394-MTM Woven Mixed (Asymmetric Joints) 95 58 - 
To achieve this further refined CPM, it is assumed that the design guidelines proposed 
in this thesis that migrate failure towards the bondline are adopted. In doing so, the need for 
critical substrate parameters are negated, and only ‘safe’ parameters are necessary. Further 
refinements have been introduced, including consolidating similar critical parameters (for the 
same adherend-adhesive interface).  
Using the updated consolidated critical parameters, a new set of predictions can be 
made for the existing SLJs. However, this does not provide a sensible case for comparison as 
the individual failure criteria for SLJs developed in Chapter 6.5 have been reintroduced into 
the CPM. Ideally, a new set of joints with a unique peel-shear interaction (i.e. cleats) would be 
manufactured and tested to further validate and refine the CPM. Nonetheless, applying the 
final CPM to the existing SLJs resulted in a percentage difference between predicted and actual 
strength of 3%, indicating a dramatic improvement over the traditional FE method, which 
presents a percentage difference of 61%.  
6.7. Concluding Remarks 
The CPM has been successfully validated against SLJs of various configurations. Whilst 
inaccuracies were present in joints with increasing asymmetry, these issues were resolved by 
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producing critical parameters for SLJs and reconsolidating them with the existing critical 
parameters from the DLJ and FWT study. The following are the key outcomes from this 
chapter. 
• The CPM is suited towards joints that follow design guidelines in which failure 
is migrated towards the bondline. 
• In order to implement the CPM, designers are required to generate FE models 
of their joints using the ply-by-ply modelling technique outlined in Chapter 4. 
• The application of the CPM requires pre-existing knowledge of the peel-shear 
interaction in the bondline for a given joint. For example, if using the CPM to 
evaluate the strength of FWT joints, only the peel critical stress should be used 
to identify failure. For joints with a greater influence of shear stresses, both the 
peel and shear critical parameters should be used. 
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7. Conclusion and Future Work 
7.1. Conclusions 
There is a considerable interest in high-performance, low mass structures in the 
aerospace industry. In recent years, numerous studies have been carried out to explore the use 
of composite bonded structures as an economically viable alternative to traditional 
mechanically fastened structures. At present, composite bonded joints are used extensively in 
the aerospace industry which presents a challenge from a design perspective. FRP bonded 
joints are inherently difficult to model due to the complex combination of failure modes and 
lack of reliable material failure models. The work presented in this thesis has made a significant 
contribution to improving the analysis methodology of composite bonded joints by providing 
an enhanced procedure which relies on a far less conservative approach. 
Chapter 3 focused on developing an experimental test programme to address the 
shortcomings of the studies presented in the literature review. This included varying joint 
parameters and joint designs to allow for distinct variations in the peel-shear stress distribution 
within the adhesive. The following key conclusions were drawn from the experimental study 
phase of this thesis. 
• Joints which exhibit any signs of cohesive failure present increased joint 
strength compared to joints with interfacial, intraply and delamination failures.  
• The addition of a 0/90 woven surface ply in low-modulus substrates reduces 
joint strength compared to an equivalent configuration with a UD surface ply 
with fibres orientated in the loading direction.  
• The 45 plies below a 90 surface ply serve to reinforce and increase the surface 
ply’s resistance to matrix cracking. 
• Fracture toughness of the matrix system plays a significant role in joint strength, 
it may even serve to undermine fibre strength. The high-modulus adherends, 
which use a low fracture toughness cyanate ester resin system perform poorly 
compared to their epoxy resin matrix system counterparts. Failure is observed 
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to migrate towards the substrate in the form of intraply failures, whereas in the 
low-modulus substrate configurations, failure remains within the adhesive or 
adhesive-adherend interface. 
• Increasing the bond thickness to 0.4 mm in any joint reduces strength compared 
to equivalent joints with 0.25 mm bond thickness due to a transition in failure 
mode from cohesive to interfacial (a less desirable failure mode). Using the 
more ductile adhesive (3M 9323) increases joint strength in all configurations 
compared to the high-stiffness adhesive (EA9394) due to the notable increase in 
cohesive failure (a more desirable failure mode). 
Chapter 4 and 5 built upon the experimental work discussed in Chapter 3 by 
developing an improved modelling approach (compared to the overly simplified model used 
by SSTL) where the adherend is modelled on a ply-by-ply basis. Modelling the substrate in a 
ply-by-ply manner has shown that adhesive stresses are highly sensitive to local changes in 
surface ply properties (stiffness and orientation) compared to bulk changes to the substrate 
itself. Simplified FE and analytical models are unable to capture these effects as the substrate 
is modelled using a global stiffness value generated from LPT. Prior to identifying critical 
parameters, each FE joint model was validated against existing analytical solutions (where 
possible) to ensure sensible results were being achieved. When extracting critical and ‘safe’ 
parameters from the FE modelling work, the following key outcomes were identified. 
• Only the low-modulus adhesive exhibits complete cohesive failure in most 
configurations, hence a von-Mises criterion is used to identify the critical stress. 
Max Principal stress is used for the high-modulus adhesive. 
• FE models predict lower adhesive shear stresses for DLJ configurations with 90 
surface plies compared to similar configurations with 0 surface plies. This is 
due to a stiffness matching effect of the surface ply matrix and adhesive. 
• A separate failure criterion is necessary for the 45 ply depending upon the 
adjacent surface ply. The crack in a 90 surface ply appears to propagate 
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through into the 45 ply, causing matrix cracking and greatly reducing its 
strength.  
• A single criterion can be defined for a combination of cohesive and interfacial 
failure.  
Chapter 6 validated and consolidated the critical and ‘safe’ parameters against a new 
test programme consisting of SLJs of various configurations. Whilst inaccuracies were present 
in joints with increasing asymmetry, these issues were resolved by producing critical 
parameters for SLJs and reconsolidating them with the existing critical parameters from the 
DLJ and FWT study. The CPM was then further consolidated and simplified to allow it to be 
more applicable in general use. Developing critical parameters for the substrate has proven to 
be extremely complex. Hence, a far better solution is to adopt sensible design procedures 
which migrate failure towards the adhesive. The following key conclusions were established 
at the end of Chapter 6. 
• The CPM is suited towards joints that follow design guidelines in which failure 
is migrated towards the bondline. Nonetheless, ‘safe’ parameters have been 
incorporated which can notify the user of potential failure in individual 
substrate plies.  
• The application of the CPM requires pre-existing knowledge of the peel-shear 
interaction in the bondline for a given joint. For example, if using the CPM to 
evaluate the strength of FWT joint, only the peel critical stress should be used 
to identify failure. For joints with greater shear stresses, both the peel and shear 
critical parameters should be used. 
• The average percentage difference from experimental results (SLJs) using 
traditional FE method is approximately 61%. The average percentage difference 
from experimental results for the CPM is 26%. A significant improvement was 
observed from the first round of consolidating the CPM. With additional test 
data, the CPM can become increasingly accurate and move towards being a 
more global criterion. 
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7.2. Future Work 
The work presented in this thesis has successfully accomplished the proposed 
objectives, nonetheless, future research may serve to improve the enhanced analysis 
methodology (CPM).  
The main limitation of the work reported here is the lack of additional load cases 
(fatigue and high loading rates) included in the experimental testing and numerical modelling. 
The aforementioned load cases are of particular concern in spacecraft structural design given 
the conditions experienced during launch, hence additional research should be undertaken to 
evaluate composite bonded joint performance under complex load cases and incorporate the 
findings into the CPM. Evaluating such joints will require a lengthy test programme, hence it 
was not feasible to incorporate the additional testing required into this research project. 
An important benefit of the CPM developed in this thesis is the open-source nature of 
the model. Researchers are able to follow the same methodology of identifying critical and 
‘safe’ parameters to develop their own set of data for unique joint designs. This data can be 
incorporated into the CPM, thus further improving the accuracy of the model. Furthermore, 
all the work presented in this thesis has been carried out to accepted international standards 
(ASTM). Hence, it is possible to incorporate existing experimental work from other researchers 
who have followed similar guidelines. It will be necessary to develop matching FE models 
using the detailed FE technique discussed, however, this opens the opportunity to include a 
vast amount of data and thus critical parameters into the CPM. Consequently, this makes the 
CPM more applicable to a wide variety of composite bonded joint design problems, and not 
just limited to materials commonly used in the aerospace industry. Finally, additional areas of 
future work include the following. 
• Restricting failure to cohesive and investigating effect of composite layup 
(whilst maintaining the same surface ply).  
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o The effect of manipulating global laminate properties on failure modes 
should be investigated given the importance of tailoring composite 
adherends to achieve maximum performance.  
• Detailed investigation of the failure process by developing joints that exhibit 
gradual failure.  
o This may include incorporating new joint design (such as cracked-lap 
shear joints) or introducing advanced microscopy techniques (such as 
high frame-rate capture devices). 
• More detailed failure modelling of a restricted set of joints where cohesive, 
interfacial and composite criteria can be incorporated in progressive damage 
FEM. 
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Appendix A. Manufacturing of DLJ, FWT and SLJ Specimens 
The following describes the manufacturing process used for all composite bonded 
joints tested during this research project.  
1. Specimen Design: Adherends are required to be cut from a single 300x300 mm 
CFRP panel as per the ASTM standard. Prior to manufacturing, each adherend 
must be sized appropriately and the orientation of the adherends should be 
taken into consideration (given the direction of the surface fibres). 
2. Ply Cutting: The composite panels are manufactured using pre-impregnated 
CFRP sheets. The number of 300x300 mm sheets are identified and then cut 
accordingly.  
3. Laminating: Individual plies are laminated in a clean-room environment. The 
composite panels are then cured in an autoclave to manufacturer specification.  
4. Panel Cutting: Each composite panel is cut into individual sections and 
measured to ensure geometrical accuracy.  
5. Surface Preparation: CFRP adherends are surface prepared using the glass-
bead abrasion technique followed by a water-break test to measure surface-free 
energy (see Figure A-1). 
 
Figure A-1: Water-break test following surface treatment 
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6. End-Tab/Tooling Bonding: Glass fibre reinforced plastic (GFRP) end-tabs (or 
aluminium tooling) is bonded to the CFRP adherends using a room temperature 
cure adhesive (see Figure A-2) to avoid differential thermal expansion from 
bonding dissimilar materials using an elevated temperature adhesive. 
  
Figure A-2: GFRP end-tab bonding of CFRP adherends: (a) front view and (b) side view 
7. Joint Bonding: The adherends are bonded using the custom-made tooling. 
Fillet radius is controlled using PTFE rods. The adhesive thickness is controlled 
with bondwire (or PTFE spacer) placed between each test specimen. The 
bondline in the final specimen is continuous with no presence of voids or bond 
wires. 
8. Coupon Cutting: Five test specimens are cut from a single assembly. Each 
specimen is inspected for geometrical accuracy and adhesive uniformity.  
 
 
(a)                                                                             (b) 
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Appendix B. DLJ Test Data 
Figures B-1 to B-8 present the load-displacement curves for each DLJ specimen. Note 
that in some cases, the extensometer was removed prior to specimen failure to avoid damage 
to the equipment. All tests were carried out in a carefully controlled environment with a 
constant ambient temperature of approximately 22C.  
 
Figure B-1: Test 1 load-displacement plot  
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Figure B-2: Test 2 load-displacement plot 
 
Figure B-3: Test 3 load-displacement plot 
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Figure B-4: Test 4 load-displacement plot 
 
Figure B-5: Test 5 load-displacement plot 
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Figure B-6: Test 6 load-displacement plot 
 
Figure B-7: Test 7 load-displacement plot 
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Figure B-8: Test 8 load-displacement plot 
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Appendix C. SLJ Test Data 
Figure C-1 to C-9 present the load-displacement curves for each SLJ specimen. Note 
that in some cases, the extensometer was removed prior to specimen failure to avoid damage 
to the equipment. All tests were carried out in a carefully controlled environment with a 
constant ambient temperature of approximately 22C. 
 
Figure C-1: Test 9 load-displacement plot 
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Figure C-2: Test 10 load-displacement plot 
 
Figure C-3: Test 11 load-displacement plot 
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Figure C-4: Test 12 load-displacement plot 
 
Figure C-5: Test 13 load-displacement plot 
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Figure C-6: Test 14 load-displacement plot 
 
Figure C-7: Test 15 load-displacement plot 
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Figure C-8: Test 16 load-displacement plot 
 
Figure C-9: Test 17 load-displacement plot 
0.00E+00
1.00E+03
2.00E+03
3.00E+03
4.00E+03
5.00E+03
6.00E+03
7.00E+03
8.00E+03
9.00E+03
1.00E+04
0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.005
L
o
ad
 (
N
)
Calibrated Strain at Extensometer
Specimen 1 Specimen 2 Specimen 3 Specimen 4
0.00E+00
1.00E+03
2.00E+03
3.00E+03
4.00E+03
5.00E+03
6.00E+03
7.00E+03
8.00E+03
9.00E+03
1.00E+04
0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.005
L
o
ad
 (
N
)
Calibrated Strain at Extensometer
Specimen 1 Specimen 2 Specimen 3 Specimen 4
 
Appendix: SLJ Test Data 
186 
 
T
ab
le
 C
-1
: S
L
J 
S
p
ec
im
en
 D
at
a
 
T
es
t 
# 
S
p
ec
im
en
 #
 
A
d
h
es
iv
e 
C
u
re
 T
em
p
 
(°
C
) 
A
d
h
es
iv
e 
C
u
re
 
H
u
m
id
it
y
 
(%
) 
O
v
er
la
p
 
W
id
th
 (
m
m
) 
O
v
er
la
p
 
W
id
th
 E
rr
o
r 
O
v
er
la
p
 
L
en
g
th
 
(m
m
) 
O
v
er
la
p
 
L
en
g
th
 
E
rr
o
r 
In
it
ia
l 
G
au
g
e 
L
en
g
th
 
(m
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9
 
1 20.3 34 25.6 0.69% 12.8 -1.09% 111.3 
2 22.0 31 25.5 0.45% 13.0 1.11% 111.0 
3 21.4 32 25.4 0.11% 13.1 1.67% 110.0 
4 22.7 34 25.5 0.31% 13.2 2.12% 110.6 
5 20.4 32 25.4 0.10% 12.7 -1.20% 110.4 
T
es
t 
10
 
1 22.4 33 25.5 0.58% 12.9 0.27% 110.3 
2 22.9 34 25.4 0.06% 12.9 0.17% 112.0 
3 22.1 33 25.6 0.76% 13.1 1.77% 111.7 
4 20.1 34 25.4 0.07% 12.7 -1.55% 111.6 
5 22.6 34 25.5 0.31% 12.9 -0.28% 110.8 
T
es
t 
11
 
1 21.3 34 25.6 0.62% 12.8 -0.74% 110.3 
2 22.9 32 25.5 0.28% 12.9 0.20% 111.4 
3 20.2 33 25.4 0.01% 13.0 0.72% 112.0 
4 20.7 34 25.5 0.49% 12.9 0.01% 111.1 
5 21.2 34 25.5 0.53% 13.0 0.93% 110.8 
T
es
t 
12
 
1 20.2 31 25.4 0.02% 12.7 -1.29% 111.6 
2 21.5 31 25.5 0.40% 13.1 1.21% 111.4 
3 21.4 34 25.4 0.07% 12.7 -1.42% 111.1 
4 20.4 31 25.6 0.70% 13.1 1.42% 111.5 
5 22.0 33 25.5 0.35% 12.9 0.03% 111.0 
T
es
t 
13
 
1 21.7 33 25.6 0.75% 12.7 -1.44% 111.2 
2 20.0 31 25.4 0.13% 12.9 0.34% 111.3 
3 20.0 34 25.4 0.02% 13.0 0.82% 111.2 
4 22.0 34 25.4 0.08% 12.8 -0.59% 110.9 
5 21.0 34 25.5 0.36% 13.1 1.67% 110.2 
T
es
t 
14
 
1 21.4 32 25.5 0.54% 13.2 2.00% 110.1 
2 21.1 31 25.4 0.19% 12.9 -0.02% 110.0 
3 22.9 34 25.5 0.51% 12.8 -0.90% 111.4 
4 22.1 33 25.6 0.74% 13.1 1.85% 111.2 
5 20.2 31 25.4 0.17% 13.0 0.77% 111.3 
T
es
t 
15
 
1 21.4 31 25.4 0.06% 13.0 0.99% 111.3 
2 21.8 32 25.5 0.41% 13.0 0.47% 112.0 
3 21.6 34 25.5 0.54% 13.2 1.93% 111.0 
4 21.7 31 25.5 0.35% 13.2 2.08% 110.0 
5 21.1 33 25.6 0.77% 13.0 0.60% 111.4 
T
es
t 
16
 
1 21.3 34 25.6 0.69% 12.9 0.17% 111.5 
2 20.5 34 25.5 0.32% 12.9 0.16% 110.1 
3 21.1 34 25.5 0.29% 12.9 0.13% 111.3 
4 20.1 32 25.5 0.51% 12.7 -1.33% 111.0 
5 21.0 33 25.5 0.53% 13.1 1.72% 111.2 
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1 22.4 34 25.5 0.45% 12.8 -0.47% 110.2 
2 21.4 34 25.5 0.27% 12.8 -1.08% 111.8 
3 21.7 31 25.6 0.60% 13.0 0.62% 111.9 
4 20.5 32 25.6 0.76% 12.9 0.07% 110.9 
5 21.8 34 25.5 0.47% 12.7 -1.55% 110.5 
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Appendix D. FWT Test Data 
Table D-1 presents the FWT test data including mean failure load, standard deviation 
(SD) and coefficient of variation (CoV). Stiffness data was unavailable due to limitations using 
an extensometer. Given the inherent inaccuracies accumulated from system compliance, 
crosshead extension was not used for any analysis of the FWT specimens. All tests were carried 
out in a carefully controlled environment with a constant ambient temperature of 
approximately 22C. 
Table D-1: FWT Test Data 
 Mean Failure Load (N) SD CoV 
Test 18 1.19E+03 7.69E+01 6.47 
Test 19 1.05E+03 4.21E+01 4.01 
Test 20 1.54E+03 7.69E+01 4.99 
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Appendix E. In-Plane Laminate Properties Derivation 
The following equations describe the method used in determining the [?̅?] matrix for a 
single ply. 
?̅?11 = [𝐸1𝑐
4 + 𝐸2𝑠
4 + (2𝜈12𝐸2 + 4𝜆𝐺12)𝑐
2𝑠2] 𝜆⁄  Equation E-1 
?̅?22 = [𝐸2𝑐
4 + 𝐸1𝑠
4 + (2𝜈12𝐸2 + 4𝜆𝐺12)𝑐
2𝑠2] 𝜆⁄  Equation E-2 
?̅?33 = [(𝐸1 + 𝐸2 − 2𝜈12𝐸2 − 2𝜆𝐺12)𝑐
2𝑠2 + 𝜆𝐺12(𝑐
4 + 𝑠4)] 𝜆⁄  Equation E-3 
?̅?12 = ?̅?21 = [(𝐸1 + 𝐸2 − 2𝜈12𝐸2 − 4𝜆𝐺12)𝑐
2𝑠2 + 𝜈12𝐸2(𝑐
2 + 𝑠2)] 𝜆⁄  Equation E-4 
?̅?13 = ?̅?31 = [(𝐸1 − 𝜈12𝐸2 − 2𝜆𝐺12)𝑐
3𝑠 − (𝐸2 − 𝜈12𝐸2 − 2𝜆𝐺12)𝑠
3𝑐] 𝜆⁄  Equation E-5 
?̅?23 = ?̅?32 = [(𝐸1 − 𝜈12𝐸2 − 2𝜆𝐺12)𝑠
3𝑐 − (𝐸2 − 𝜈12𝐸2 − 2𝜆𝐺12)𝑐
3𝑠] 𝜆⁄  Equation E-6 
Where 𝜆 is defined as: 
𝜆 = (1 − 𝜈12𝜈21) Equation E-7 
Where E is the Young’s modulus, G is the shear modulus, ν is Poisson’s ratio and s and 
c refer to the sin and cosine of the angle of the ply respectively. From the determination of the 
[?̅?] matrix, the [𝐴] matrix can be calculated using Equation E-8. The in-plane orthotropic 
properties can be calculated from the [𝐴] matrix using Equation E-9. 
[?̃?]𝑥𝑦 = [𝐴][𝜀]𝑥𝑦 Equation E-8 
where [𝐴] is defined as: 
𝐴𝑖𝑗 =
1
ℎ
∑ ?̅?𝑖𝑗(𝑧𝑘−1 − 𝑧𝑘) 
Equation E-9 
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Appendix F. Laminate-Plate Theory 
 LPT is a basic design tool for evaluating the properties of different laminates 
when experimental data is not available. LPT can be used to combine the material properties 
of multiple plies, assuming the plies follow a predetermined stacking sequence, in order to 
predict the overall performance characteristics for a single laminate.  
𝐸1 =
1
ℎ
[𝐴11 −
𝐴12
2
𝐴22
] 
Equation F-1 
𝐸2 =
1
ℎ
[𝐴22 −
𝐴12
2
𝐴11
] 
Equation F-2 
𝐺12 =
1
ℎ
𝐴66 
Equation F-3 
Where h is the thickness of the laminate.  
𝜈12 =
𝐴12
𝐴22
 
Equation F-4 
𝜈21 =
𝐴12
𝐴11
 
Equation F-5 
Using the [𝐴] matrix mentioned previously, the in-plane properties for any composite 
laminate can be calculated.  
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Appendix G. Digital Image Correlation 
Digital image correlation (DIC) is an advanced technique based on the image capture 
of specimens undergoing deformation. This allows for the measurement of surface strains at a 
given load. In the context of bonded joint testing, surface strain information is useful as it 
provides a direct comparison to data gathered using predictive techniques.  
The DIC equipment (see Figure G-1) used in the DLJ study was provided by Correlated 
Solutions. The basic principle of 3D DIC is the measurement of surface displacement using 
predefined reference points captured by two high resolution cameras. Several published works 
have compared experimental DIC data to finite element (FE) models (Moreira & Nunes 2014; 
R. L. Kumar et al. 2013; Comer et al. 2013). Researchers note the difficulty in obtaining reliable 
results in regions of high stress concentrations due to insufficiently small subset sizes. This 
may be overcome by increasing the camera resolution, reducing the sizing of the speckle 
pattern and tailoring the subset and step size accordingly. 
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Figure G-1: 3D DIC setup used to measure bondline strain in DLJ specimens 
The DIC equipment was setup to capture images of the overlap region at constant 
intervals. Given the nature of this process, capturing two high-resolution images and a high 
frame-rate would lead to storage issues and significant processing time. As the aim of the DIC 
technique is to capture the initiation and progression of failure, a low capture rate may not 
necessarily provide the required experimental data. For the preliminary tests, a capture rate of 
4 FPS was chosen as the reference point, which could be later increased. Figure G-2 illustrates 
an example DLJ specimen captured using DIC, with the bondline of interest highlighted.  
3D DIC 
Wedge-
Action Grips 
Specimen 
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Figure G-2: Highlighted DLJ bondline from which strain data is captured 
An experimental load of 5 kN was chosen as the reference point at which DIC strain 
data was extracted. A large amount of scatter was observed with the surface abrading 
technique, whereas some similarities were apparent for the spray painting technique. Figure 
G-3 illustrates the resultant shear strain contour plot for the spray paint method, which clearly 
identifies large strain gradients across the adhesive. DIC adhesive shear strain data for the 
spray paint technique was compared to predicted FE and analytical solutions (see Figure G-4).  
 
Appendix: Digital Image Correlation 
194 
 
 
Figure G-3: Shear strain distribution in DLJ specimen with spray paint speckling at 5 kN tensile load 
 
Figure G-4: Shear stress comparison at 5 kN tensile load 
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The stresses were plotted against a normalised overlap distance to remove any 
inconsistency between actual and modelled geometries. The shape and form of the shear strain 
DIC data offer little similarities with predicted results, particularly towards the joint root, 
where the bondline is in compression. Use of the DIC technique was not continued in the 
remainder of joints tested during this research project. The measured adhesive strains in thin 
bondlines produced a large amount of scatter, which questions the reliability of the results.  
 
 
 
